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A THEORY OF STRONG ELEGfROLYTES IN SOLUTION BASED 
ON A NEW STATISTICS. 

Equilibrium Phenomena: Activity Coefficients 

by M. Dutta and M. Senoupta, University College of Science and Technology, 

Calcutta 9 

(Coramunjcated by S. N. Bose, F.N.T.) 

(Received February ; read October 9, 1953) 


Introduction 

Following Milner (1912 and 1913), Ghosh (1918) has pointed out rightly that 
the deviations in the behaviour of solutions of strong electrolytes from that of i<leal 
one are to be explained from tlie considerations of interionic fields existing in these 
solutions. But his calculations have been subsequently replaced by a method, 
generally accepted as more accurate, due to Debye and Htickel (1923). In their 
calculations, Debye and Hiickel have assumed that in the atmosphere of an ion in 
solution other ions are distributed according to the Boltzmann statistics and have 
calculated the potential from an approximate evaluation of Poisson’s equation for 
the field (assumed to be of electrostatic nature) for small values of 0 (c ^ << kT), 
They have also distinguished the available or free (electrical) energy from the total 
(electrical) potential energy of the assembly and have calculated the former by 
considering an ideal process of charging and discharging of the ions in the above 
field. The theoretical values of the mean activity coefficients (and other related 
quantities) of electrolytes obtained by the method of Debye and Hiickel are generally 
admitted to bo in good agreement with experimental results at low concentrations. 
But the method, as actually put forward by Debye and Huckel, has originally been 
the subject of criticisms mainly due to the following unsatisfactory fecirtures: 

(i) Firstly, the use of Poisson’s equation in the present model, which admits 

fluctuations, requires a priori justifications. 

(ii) Secondly, unusual and sometimes inadmissible (i.c., negative) values 

are to be taken for the ionic radii in order to obtain a good fit with 
observations. 

(iii) Thirdly, for high concentrations and for ions of large-valency types. 

the deviations of the calculated values from those observed are 
considerably large. 

(iv) Fourthly, Sengupta (1962) has recently pointed out another very simple 

but fundamental inconsistency in the original calculations of Debye- 
Htickel, It has been shown that the value of on the surface of 
ion, which only is of actual significance in calculations, is greater than 
that of kT and thus it contradicts the basic assumption of calculation 
that € 0 < < kT. 

Subsequently, Fowler (1927), Elramers (1927), Onsager (1933) and Kirkwood 
(1934) have justified the use of Poisson’s equation in the model of Debye and Huckel 
from general considerations of statistical mechanics. Mflller (1927) and Gronwall 
with his collaborators (1928) have shown that good fits with ex^rimental values 
can be obtained with usual and admissible values of the ionic radii, if the Poisson 
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equation of the Debye.-Hiickel theory is evaluated more accurately. The question, 
raised recently by Sengupta, yet remains open. 

Recently. Bagchi (1960) has remodelled the Debye-Htickel theory in a completely 
new line and has claimed to obtain good agreements with experimental values of 
activity coefficients for almost entire range of concentrations, especially in the case 
of uni-iini-valent electrolytes. Firstly, in his calculations in place of Boltzmann 
statistics the law of distribution of ions has been taken as 




where 




let + 1 


( 1 ) 


^ a =3 numlx^r- density (i.e. number per c.c.) of ions of i-th type at a point in 
the*, solution, vvher(‘ the electrostatic potential energy is e being 

the electronic cliargi?, tin* valency of ions of the i-tli type, tlie 
potential ; 

= number-density (average) of ions in solution ; 
a = a parameter of distribution ; 
k =: Boltzmann’s constant ; 

T = ternperatun* (absolute). 


Secondly, the Poisson-cquation has been evaluated for small and large values 
of separately and the solut ion for large values luus been used in calculations 


after fitting it with that for small values suitably. In other aspects, Bagchi ’s 
calculations are similar to those of Debye and Hiickel. 

As a theoretical su])port to the use of a formula diffen^nt from that of Boltzmann 
in Bagehi’s calculations, a general formula f for distribution of ions in solutions 
has been deduced (Dutta and Bagchi, 1050) by applying a general method of statistical 
mechanics, developed by Dutta (1047, 1048, 1051) in a series of papers on real 
gases, from the siinpU^ assumption that there is a minimum distance to which ions 
can approach one anothei, either due to tinite size of ions or due to mutual repulsive 
reaction of like? ions. The distribution formulae thus obtained, are 


where 



J_ 




kT^ 1 


( 2 ) 


, fc, T have their usual significance, 
vf == assembly -parameters of distribution, 

= number-densities of positive and negative ions at a point in the 
solutiiui with |)otential energy « ^ 

6 ^ =c volumes of covering spheres (Deckungsspharen) of positive or 
negative ions due to minimum approach amongst the like ions, 
= 6-4 = the same for unlike ions. 


♦ This method of evaluation has been originally suggested by Dr. G. Bandyopadhyay of 
Indian Institute of Technology, Kharagpur (India), to Bagchi €uid to Dutta, one of the present 
authors, and the present authors take this opportunity to express their thanks to him, 
t This is the same as those obtained by Dutta for real gases (ioc. Cf<). 

IB 
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The formula ( 2 ) has recently been used by Bagchi (1952) in calculations of 
activity coeflficients. 

If one admits the assumption 64 ._<< wliiel) means that the distance of 
minimum approach of unlike ions is much smaller than tJiosi^ of like ion, and. which 
appears to be very plausible in the Coulombian field, then the formula ( 2 ) reduces to 



€ . 

. 4 - - 


±* * r 

kT 


+ l 


( 3 ) 


Subsequently Eigen and Wi(!;kc (1951) have obtainc^d a good agreement between 
theoretical and observed values of activity coellicicnts by using in place of Boltzmann 
statistics, a distribution formula wliich they have claimed to be new and more 
general than formula (3). But as shown by Dutta (1952), the distribution fprmula 
used by Eigen and Wicke is practically the same as the formula (3), written in a 
different form with new^ symbols and with slightly different explanations for th(^ 
parameters involved. Moreover, in reply to some misleading and confusing remarks *** 
of Wicke and Eigen (1952) it has been further shown by Dutta (1953) that also the 
method by which Eigen and Wicke arrive' at their distribution formula, is practically 
similar to that employed by Dutta and Bagchi (1950) in deducing formula (3), 
Still it is easy to see that the method used by Eigen and Wicke lacks the generality 
of that of Dutta, developed in the papers (Dutta, 1947, 1948, 1951, Dutta and 
Bagchi, 1950). 

Thus up till now, no detailed calculations, based on the theoretically deduced 
distribution formula ( 3 ) in tho original form and with original simple interpretations, 
has been made. In this paper, we propose to develop a complete scheme for tho 
calculation of mean activity coefficients of electrolytes, starting from the formula (3) 
and to show clearly, as far as possible, the advantages and tlie disadvantages of the 
present method with other existing methods, sucli as tliose of Debye and Hffckel 
(1923), Bagchi (1950), and of Eigen and Wicke (1951). For the sake of simplicity, 
the discussion here will be restricted to the case of uni-uni-valent electrolytes. The 
extension of tho theory to the case of symmetrical electrolytes is obvious, the 
treatment of the case of non-symmetrical electrolytes is left over for future com- 
munications. 


Charge-density in ion-atmospheres 

As in the Debye-Hffckel theory, attention will be focussed on any one ion 
(say, of positive charge). The charge-density in the atmosphere of this ion will 


* After the completion of this manuscript, the attention of tho authors has been drawn to 
some further wrong and misleading remarks of Wicke and Eigen (cf. foot-note, Zeit. /. Elektro, 
Chem.f Bd. 56, No. 6, p. 558 (1952)). Here again Wicke and Eigon have wrongly chosen to 
identify (as they have done in their previous publications) the distribution formula (3) with the 
one originally used by Bagchi (1950). The essential difference between these two formulae 
has already been mentioned in previous publications of Dutta and also of Dutta and Bagchi 
and has been clearly shown in the present paper. Further to make the impression that formula 

(3) is the good old Fermi statistics, they have quoted some phrases from Bagchi *8 paper (1950), 

whereby it is obvious that they have failed to take proper notice of the relevant lines (at the 
end of first para) of the paper of Dutta and Bagchi (1950), where the difference of formula (3) 
from Fermi statistics has been clearly and unequivocally emphasised. For a clear understanding 
of these differences the papers of Dutta (HI, 1951), of Dutta and Bagchi (1950) and a note by 
Dutta (1953) should be consulted. Again, that formula (3) does actually pass over to Boltzmann 
statistics, has already been shown in the paper (Dutta, 1961, communicated in 1949) and was 
therefore omitted in the paper (Dutta and Bagchi, 1950). Finally, the rdle of the very essential 
concept of the number of occupiable sites in the method of Dutta and Bagchi would have been 
clear to every one who has hadg a lance into the papers of Dutta, and of Dutta and Bagchi, which 
it is apprehended has not been done by Wicke and Eigen. 
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be calculated by using the formula (3) in place of the Boltzmann statistics. Then, 
the charge-density at the point in the atmosphere of the ion, where the potential 
is will bo given by 

Pr = «{«+-»,), (4) 






wJu?rc c 13 iho ionic charge. 

% 

'ni(*rcf()re, an ~>oo, . . . . . . . . . . • . • (6) 

The above result has a very elegant physical significance. Now — e being 
the charge of negative ion and 6_, the volume exclusively under command of a 

single negative ion, — ~ represents the (hmsity of negative charge, if the negative 

ions are distributed in close packing in thc^ atmosphere of the positive ion under 
consideration. Again, re prewnts tlu'. cTystaliographie value (actual or after 
c'orreeting for hydrfition), thus, for very large valuers of the distribution of ions 
is similar to that in crystals. This shows the plausibility of the quasi-lattice model 
proposc‘d in a previous paper (Dutta, 1953). 

Moreover, p as dedined by thc^ ecpuition (4) is always bounded. In the Debyc- 
llttekel theory, tliis is not the ease. The unboundedness of p is devoid of physical 
significance, and so imsatisfacdory, mainly due to the following reasons. An 
infinity of p means an infinite accumulation of negative charges in the close neigh- 
bourhood of the ion of jK)sitive charge. As soon as two or throe negative ions 
come very nc^ar to the positive ion, there will be a shielding effect and the original 
Coulombian attractive field for negative ions will be transformed into a Coulombian 
repulsive field, and so, no further aecuinuiation of negative ions is possible. So, 
the infinite accumulation c)f charges is unthinkable in the Couk^inb field. Again, 
an infinite' accumulation of ions in a certain neighbourhood of the central ion is in 
direct contradiction to the assumption, (wliich is simultaneously made in usual 
theories), that there exists a distance of minimum a])proach amongst the ions. This 
unsatisfactory self-contradictory feature of the theory has been easily avoided in 
the present theory simply by replacing the Boltzmaim statistics by the formula (3). 

Again, when the distribution is (on a.\('rage) uniform, i.e., 


= no = = 


Wo (say) , 


Then, for small values of we have up to the first order 


P- j.yWol 


.. ( 8 ) 


The Inter-ionic Field 

Now, as in the theory of Debye and Hiickel, the potential for the inter-ionic 
field be taken to satisfy the Poisson equation, 

( 9 ) 
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subject to boundary conditions* 

^-►Oasr-^oo, (10) 


and. 

/ (Gauss’ theorem). . . 

•• (11) 

It is more convenient to introduce a dimensionless variable and we shall take 


^ = 

.. (12) 

then (9) becomes 

DkT^ 

... (13) 

Substituting the values of p we can write the differential equation 
forms for large and for small values of A as follow^s : - 

in simpler 

When A-^O, 

y2A = K2A, 

(H) 

and when A'^ oo, 

V-A = 

.. (16) 

where 

, / b++h.\ 

'' “ DkT^^ V ‘ 2 / 

.. (16) 

and 

m - ’ 

b _ (2?j.o) (l—no — 

.. (17) 


Olio important point should be noted in this connection. As already mentioned 
after Sengupta (1953), it is knovm that the value of A (when calculated from the 
exprcission for A obtained by Debye and Huckel in their original calculations based 
on the assumption A<<1) on the surface of the ion is in almost all cases greater 
than one. This inconsistency necessitates the approximate evaluation of tln^ 
Poisson’s equation for large values of A, but this is not possible in Debye-Htickel 
theory as p is unbounded when 0 oo. On the other hand, in the present develop- 
ment, as also in those of Bagchi, and of Eigen and Wicke, the evaluation of A for 
large values is easy. This may be looked upon as an advantageous feature in these 
developments, entirely due to the replacing of Boltzmann formula by a ludw one, 
and may be looked upon as one of the main reason of their success. 

Now, in Bagchi ’s original calculations, he writes the equations of the field as 


and 

where 


V2A' = ic'«A' , 

'' ~DkT’ 

m, = m 
+ - > 

^ 

'' ~2~2kT' 


.. (14a.) 

.. (16a) 

.. (10a) 

.. (17a) 


Thus, the material diflFerence, between the equations in Bagchi ’s calculations and 
those in the present one, is in the factor 
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64. ~ . « 

When no— 2 — '» <<1> 

anU 80 can be lu'j'lccteil, they bt'come practically same. The omission of this 
factor in HaKchi’s calculations may be* the reason of the necessity of using large 
values of ionic radii. 

.ScuiEME KOK Evaluation of A 

llm* vv<^ Hhall take thr apjiroxiniate solution of the equation (9) subject to the 
boundary eoiulitions (10) and (11) to be given by the integrals Aj and A 2 of (13) 
and (14) n-spoetively for different ranges of values of tp, when the constants of 
integration have b(‘en determined from the following relations. 


=»i+ = (Aa)^, , .. 

.. (18) 

II 

.. (19) 

A->Oasr->cx), 

. . (20) 

juid also from th<“ (hiuss^s thconmi, 


ii 

1 

.. (21) 

4 

whore 

^ = /cr . 

Now, siiu'c A -► 0 as ^ - > a) so A j is given by 

.. (22) 

= 

. . (23) 

The other solution is of the form 


A 2 = + c + . 

.. (24) 


Now, HO far as the use of tlu' condition (21) is concerned there will appear a practical 
difficulty. A ]:)riori th(‘n‘ is nothing to deei<le from the beginning which of the 
integrals, A| and Ao will rcprcs(*nt A close to tlu' surface (i.e. at r = a) and so is to 
be used in tlu* e(piation (21). Here, it is also to b(‘ remembered that in calculations 
of activity coefficients and other related thermodynamics quantities, the value of 
A, close to the surface of the ion, is of actual importance. So, the actual procedure 
is a bit round-about and may be sketched as follows 

Now, for sufficiently low concentrations, is a large number and the expression 
for K* reduces to that of Debye-Huckel. Again from the finding of Sengupta (1952), 
it is known that the values of A on the surface of ions, from (23), are not large. Then, 
since A increases motiotonically from 0 as r decreases from infinity, so the surface 
value of A, being less than m+, will bo reached before A attains the value 
Thus A will be taken to be represented by A^ where B has been determined from (21). 
Thus, we get near the surface 



IK SOLtTTIONS BASED ON A NEW STATISTICS 


7 


Now, since the Poisson equation does not represent the field within the ion, 
which again is not of any interest for the present discussion, so, in the c^ase under 
consideration A is ’given hy Ai , and A 2 is devoid of any significanoe. 

Thus the expression for p<)tential is same as that in the original calculations 
of Debye and Hiickel and so will yield the usually accepted limiting laws. For tliis 
reason, in this paper, calcVilations of activity coefficients for small concentrations 
have been omitted. 

For comparatively high concentrations, is of the order (jf unity and may 
be less than the surface value of A. Thus, A reaches the value earlier, so A 
near the surface is expecteil to be given by A 2 and so 


A 




(26) 


where ( 7 , H, and (argument of A corresponding to A = m^) are to be determined 
from the equations (17), (18) and (19). In a manner, similar to that of Bagchi, 
C and H are found to be 




m^DkT 


+ 


K»a+ 

3 


(27) 


= ^ (stty) , . . 

= (l+!7’+)*-l. 

(7= J • •• 


(28) 

(29) 

(30) 


(;Ar,cni,ATioN.s OF Avati,abi>k (or Free) Eneroy 


Hero, to calculate the free energy after Dcibye and Hiickel, we shall consider 
the ideal process of charging and cUscharging. Of cioursc;, we shall think that the 
charge of the ion is on the surface of the ion, and so, the processes of charging and 
discharging are occurring on the surface of this ion instead of on the geometrical sur- 
face of the covering sphere (Deckungssphariin) of the ion, as has l>een considered in 
the Debye-Hiickel theory. Thus, for high concentrations. 


II ^ , kTm^.K^at . c , m+kT ^ ^ 

l/’2(*+) — ---'A2(a+)— ^ -“2 Da^ ^ 2 e +!/+) j 

The potential due to the ion-atmosphere on the surface of ion is 


The work done in charging 


[0*(«+)] 

€x 

^ ( Jo Jo ) 


kTm+^ 

2 I 




}■ 


(31) 


(32) 


.. ( 33 ) 
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where 


and, 


P = J + 4 tan-i v'S-i l•>g, 3 » 6651 
V«> 


.. ( 34 ) 


<f>^{g+) — i log 

1 2(l+l/.)* + l 

-j3tan-'— ... (36) 

A similar expression is obiain(*(i tor W ^ and fhe total work done in charging 
all the ions is given by: 

W ^no (W^+W^) 


kT r\ .1 

= 74 no ^^(K-m^a"^ + Khn^aL] + P{rn^ + m^) + ((t>^m^+<f>^ 7 n.) .. 


(36) 


Activity (\)EFFICients 

Now, for 0()i!veni<‘ne(» of calculations as in other theories we shall take 

n+ = n- = no = n f = n _ , (37) 

where n+ and n. are average number of positive and negative ions. 

Then, on using the usual expr<‘ssiun for the ionic activity coefficient, viz., 



wo got from the equation (30) 

•<'gA = ^ +{P+<}>-t)^^—n^.D^)+E^(g^)n+D+'^ 


whore 


and 


+ {g-]n-D+ — n_Z)+(P+^ -) ] , .. .. (39) 




1—2^0 6+ 


/ 6++6-\ ’ 
2no (^1-no— 2“j 




g+ 


£+(?+) = 


9+ 


1 (1+g^)* 2(l+y,)* 

2(1+«^^)»+(14.j,,)*+ 1 2(l+ff+)* 


(40) 


£+ 

3(1 +.9+)‘[l + j{2(l+y+ )*+!}*] 

- i{l-{l+!^+)*} . 


A similar expression is also obtained for log/,. 


( 41 ) 
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Then, finally, 

log/^ = |[^’ji«V, + (P+^+)j^l-no(Z),4-/)-) 

+ ^ |isV-4-(P+'^ -)|^l-«o(/>++i> )J+P- Mo(-Pf . (42) 

Comparison with Experimental Data 

Consistent with our interpretation for given in the papers (Dutta and 
Bagchi, 1960, Dutta, 1951-63) they will be taken as the volumes of exclusion (volumes 
of covering spheres, overlapping being neglected), i.e., 

b± ^ i7T(2a±)9, ( 43 ) 

where a± are the ionic radii in the ordinary sense (i.e., either the crystallographic 
or the eflfective values due to hydration). Now, according to the accepted views, 
it is known that in the solutions, the effective ionic radii, on account of hydration 
are greater than the crystallographic values, and their differences are more and 
more prominent, the smaller the ionic radii (crystallographic), for ions of the same 
charge. So in this paper, for Cs+ we have taken the crystallographic value for the 
radius and for and Na^ a value nearly equal to that dia^ to hydration (Eucken, 
1948). The values of the; mean molar activity coeflieients of the three electrolytes 
CsCl, KCl and NaCl at 25°G. as calculated according to the equation (42) are compar- 
ed to the corresponding experimental values (molal). 


J -f ^4. no(-Df + 0-) 


'FabiuK 1 


Variation of acXhnly coefficient* with concentration 



i 

1 

1 1 .a. 

b5 m. 

2 rn. 

2*5 in. 

.•5 m. 

3*6 m. 

4 rn. 

acg+ “ ^ 

Ob«. 

! 

1 -543 

514 

•4 <15 

•485 

■4K0 

•476 

474 

CsCl 

^ - 1-81 \ 
aci- 

Cal. 

•531 

•484 

■46« 

•450 

•460 

•468 

•480 

o . 2-15 A 

Ofjs. 

•605 

•585 

j 

•576 

•572 

- 

•573 



KCl 

a 1-81 A 

0“ 

Cal. 

•554 

1 

•5.32 

•532 

•546 

•679 



a^a+-2-6«A • 

NaCl 

Oba. 

•658 

•669 

•671 





= 1-81 A 

Cl 

Cal. 

•66 

•66 

•72 






Now it may be said that the fitting of a set of experimental data by suitable 
adjustment of an arbitrary parameter (the radius of the volume of exclusion), as it 
is done by Eigen and Wicke (1951), Bagchi (1950), is not conclusive. To avoid 
this criticism the calculated values for mean molar activity coefficients and the 


* The experimental data given above are all tcUcen from H. 8. Hamed and B. B. Owen 
Physical Chemistry of Electrolytic Solutions, Heinhold Publishing Corporation, New York, 
1960 (2nd Ed.), p. 662. 
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coiTe8pi>nding observed values for molal activity coefficients for KCl at different 
temperatures w ith values of ionic radii used in the above fitting, have been tabulated 
in Tabi(i 2. The agrcieraent in this case also is good. 


Tabub 2 

Variation of aetimty coefficient * for KCl with temperature 


1 

T<*rnp. (' '(>) 

1 0 

i 5 i 
i 

10 

I 15 

i 

1 

20 


30 

35 

40 

Obfl. 

•642 

•646 

•648 

•660 

•651 

•651 

•651 

•648 

•646 

*5 in. 





•ff40 





Cal. 

•615 

•619 

•626 

1 

•633 

•649 

•668 

•666 

•676 

Ohs. 

•639 

■649 

•606 

•562 

•667 

•571 

•573 

•574 i 

•673 

3 ni. • 

i 




1 





Cal. 

■538 

•546 

•565 

1 i 

•663 

•671 1 

1 

•679 

•686 

•693 

•601 


Conclusion 

In cunclusion, the following features of the present theory may be stressed as 
satisfactory, new and important: 

I. The distribution formula for ions in the electric field used in the paper has 
bei'ii deduced in a simple* manner by a general statistical method from the plausible 
assumptions, viz. : 

(i) there is a distance of minimum approach between the ions (at least in 

averag(‘), 

(ii) the average* gradi(‘nt of the field is such that its change* with distances of 

the or(i(*r ol ionic diameter can be neglected. 

II. Tlu^ charg(*-(len.^ity p is always bounded as required for consistency 
with th(' assumptions of <'xistence of the int(Tionic Couloinbian field and that of a 
distance of minimum approach, 

HI. Kv erv quantity involved in the theory has a precise pliysical significance. 

iV. As already mentioned in a note (Dutta, 1952), good agreement with 
experinu*ntal n\sults have been obtained with usually accepted values of ionic radii, 
(in Bagehi’s calculation large values are to be taken) and without using any quantity 
as adjustable arbitrary parameters (Eigen and Wieke have taken the number of 
oecupial)le sites suitably as a parameter). 

V. For low (concentrations, the method developed here yields the Debye- 
HOckel limiting laws. 

The unsatisfactory feature of the theory, as it appears to the authors at 
pn^sent, is the a[)proximate evaluation of Poisson’s equation as it is done here. 

In TabU* 1, tlie values of activity coefficients for KC and NaCl camiot be 
caUndated at concentrations higher than 3 m. and 2 m. respectively, since then 
^ 1 so that < 0, and so, the nature of the differential equations will be 
changed. This is so, as near about this concentration overlapping (v hich is neglected) 
is significant, and correction should be done for it, as it is done in (Dutta, 1952) for 
imjxjrfect gases. 

In the present paper, for large concentrations, we have used only the solution 
A 2 corresponding to large values of A. Consistency of calculations demand that 
(A)a^ must be seen to be less than the corresponding m^. If it is not satisfied then 
Ai. corresponding to small values of A, is to be taken for A and calculations are to 


* Experimental values from Hamed and Owen, loc. cit,, p. 568, 
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be made afresh. By this, some further betterments in the agreement between 
calculated and observed values are expected, and will be done in future communica- 
tions. 

Summary 

In this paper, a complete scheme of calculation of activity coelBcionts has been sketched 
based on the new statistics proposed in the papers of Dutta and in tlie paper of Dutta and Bagohi. 
The agreement of the obsei^'ed and the calculated values of activity eoefticients is found to 
be good. The values of the activity coefficients fof different concent rations'^nd for different 
temperatures have been calculated and have been given in two tables. Here some incon- 
sistencies of the other existing theories, mainly, of the theory of Debye end Hiickol, have 
been pointed out and liow these can be avoided easily in the present dcvidopmc*'* ''“is been 
clearly shown. 
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ON THE PROBLEM OF TRANSFER OF RADIATION IN A 
SPHERICALLY SYMMETRICAL STELLAR ATMOSPHERE FOR 
THE NON-CONSERVATIVE CASE 

by K. K. Sen, Ghandertuigore College^ Ghandernagore 


(Corarnunicatecl by N. R. S(^n, F.N.I.) 
(Receivpfl April 27 ; read Octdher .9, 1963) 


1, The problem of tranwfer of radiation in the extended atmospheres of stars 
like fyi[)er^iant8 in wliieh tlui curvatures of the layers of the atmosphere have 
bignifieaiit effect on the transff^r problem has be<‘n considererl by Kosirev (1934) 
and Chandrasekhar (1934). In recent y(‘ars Chandrasekhar has developed a 
rneth<Kl of a[>])roximatifig the solution of tln^ int(‘gro -differential equation of the 
transfer problem by a finite Hysteiii of linear equations in which the Gaussian 
weights in tie* th(‘ory of evaluation of integrals l^Iay a prominent- role. Chandra- 
sekhar (1915) has given a first approximation solution of the problem of coiiS(*r- 
vative isotro[‘ic scatt(U’ing in an extended atmosphere by his method. In the 
present paper we have oonsiden^d the solution of the problem for the non-con- 
servative is(4ropic case's for an extended atmosphere with spherical symmetry 
by Chandras(?khar’s method. Th(‘ approximation is of the first order and two 
different se'ts of boundary conditions have been considered. In the first problem, 
the external boundary condition has b<*en taken to be one of zero intensity both 
of incoming and outgoing radiation at tVie surface^ while the internal boundary is 
a photospheric surface with a given outward flux of radiation (in comparison 
with which inward flux there, is considered negligible). In a second problem, 
the incoming radiation at the external boundary is supposed to be weak but not 
Z(Wo, so that the star is suppos('d to be embedd(‘d in a weak radiation bath with 
syinrat'try round the centre, while tho inner boundary condition is the same 
as before. The external boundary in tht‘ second problem is artificially fixed by 
the condition that here tlu^ inward and outward intensities are equal. In the 
second case the external flux of radiation as a fraction of the flux at the internal 
boundary has been calculaticl and plotted against optical depth. It shows 
that when soatU^ring is largo, compared to absorption, largo value of the ratio 
is attained by T] = 2 (and well below T| = 2 when scattering is very large) and 
for very hirge absorption a curve of entirely different character is obtained. 

2. The equation of transfer appropriate to the problem of spherically 
symmetric atmosphere is given by 


- 1 . 

^ dr r dfA 


— kp[Hr, fi) — y(r, fi)] 


(1) 


where ^(r, p) is the source-function and in the non-conservative isotropic case, 
it is given by 


7(^ p) = J 


p) dp 


( 2 ) 


where /j = c<^8 9*, being the inclination to the radius vector, and cu^, the albedo 
for single scattering, represents the fraction of light lost from the pencil by way 
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of scattering. Hence (1— o^o) represents the remaining portion, which has been 
transformed into other forms of energy or of radiations of other wavelengths. 
Now replacing the integrals by Gaussian sums by the method suggested by 
Chandrasekhar (Radiative Transfer, p, 364), the equation of transfer (1) is reduced 
to an equivalent system of lineiir equations in a Unite approximation, which can 
be combined into the equation given below. 

= —kp£aiPj(fi^)Ii+\kpojQ£aJj2JaiP^ (/i^) 

.. (3) 

where (i = ±1, ±2, ^^nd (Z = 1, 2, 2n). 

• • 

Using known expressions for Legendre’s polynomials, equation (3) for Z = 1 
and Z = 2 becomes respectively 


and 


Now putting 


d 2 


-ZOiix 2 /,+ ’ 2 - 1 )/.- = -kplaai.li 

dr • r • * 

= J, 2£a^pJi = F, and = A' 


(4) 


(5) 


(«) 


and remembering that in tlic first ai)proxiination the radiation field is divided 
into an outward stream I+i and an inward stream /_i and that a+t = a_i = 1, 

= — p-i = ' 77- *ind p ’s are the zeros of (p^) . • • • ■ • • • ( 7 ) 

V 3 ‘ 


ai 


nd = 0otSK-J = 0 or J = SK 


( 8 ) 


we sec that the equations (4) and (6) take the forms 


and 


dF 2F /I 

-y- -f- 1 ^kp( 1 — COq)K 

dr r 


, dK , r, 

^Tr = 


.. (9) 

.. (10) 


It is well known that in the astrophysical contexts kp varies as an inverse 
power of r (greater than unity) 

jfcp = (7r“”, where (7 is a constant .. .. .. (11) 

The optical thickness t measured from r = oo inwards has the value 


Prom (11) and (12) 


T 


J 


kpdr = 


Cr 




n— 1 


kpr = (n— 1 )t 
and dr = —kp dr 


m 

(13) 

(14) 


4 



(15) 


Prom (10) 
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Eliminating F from equation (9) 

d^K 2 


dK 


dr*^ (n — 1)t * dr 


-3( 1 — ci>o)^ = 0 


Putting K = 27^(2:), where z qr, ^ = a/ 3(1 —coo) and = - 


R+1 


2(n— 1) 


and substituting in equation (16), we*get 


<iz2 


22 ;4+2^^-(22+V'»)/=0 


( 16 ) 

( 17 ) 

( 18 ) 


This is Bessers equatiijii for imaginary arguments and its solutions are 
known. The fundamental solutions are /^(z) and K^,{z). The general solution is 


f(z) = CJ^^zj + C^K.iz) (19) 

3. If the atmosphere is supposed to extend to r= 00, Ci and C2 can be 
(.‘valuated under the following boundary conditions : 

(i) Vanishing of both outward and inward intensities and hence of both 
flux and A'^-integrai at the outer boundary of the atmosphere denoted by 
r==0,z = 0; 

(ii) the existence of a definite outward flux at the lower bound of tin; photo- 
sphere, denoted by r = T|, z = 

That is, from the inner bound is emerging a given flux and overlying this 
boundary, there exists an envelope scattering according to a constant albedo for 
single scattering (wq = Constant), whoso valm? is loss than unity. The atmosphere 
is supposed to be so extensive that the flux and the 7v-integral simultaneously 
vanish at the outer boundary of the atmosphere. 

In order tiiat A"-integral may vanish at r = 0 or z = 0, z^f(z) -> 0 as z 0 
by (17). But it is found that while z*'/j,(z) 0 for z->-0, z^K^(z) tends to a 
limiting value (not equal to zero) as z 0 . Hence for K to bo zero at z = 0, 
we put C2 = 0 and 

/(2) = C\ I ^(z) ( 20 ) 

At T = Ti or z = Zi , the intensity of the inward radiation is negligible in 
comparison with the intensity of the outward radiation. Let the outward flux at 
this surface be F(zi) . 

The flux and the A-integral at the inner boundary are given in the first 
approximation by the well-known relations 


and 


F(z) = -4 = Li( 2) ■ • 

V3 


(21) 


(22) 


[The present /+i(2i) and K{zi) are not to be confused with I^{z} and K^(z), 
the solutions of Bessel Equation in (19)] 

But from (17), 


/(2l) = 


K(Zi) 


F(Zl) 

4 :^/lz\ 


c = = - ^(2l> 

‘ L(*l) 4V3/„(2,)2^ 


( 23 ) 


.. ( 24 ) 
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Hence at any depth 2 . 


The source function 


/,(2) = 


F{zx) 


4V3/,(2,)zr 


L(2) 


K[Z) = 2’7(2) 
J(Z) = \K(Z) 


7(2) =^27(2) 

„ , dK{z)' P(Z\) 

^’(2) = 4 ^ - j =q , . 2*^/^ , ( 

dz ^ s/-Az\I,{z,) 


(25) 


(26) 


.. (27) 

(28) 


Thus for ^iven values of g, Zi and F(Zi) the TST-inte^ral, tin* flux, the eviergy 
density and the source-function can be evaluated. 

4. A special case may now be considered, where the outer b unidary is takc'ii 
to bo the surfixce, which looks equally bright from both sides. On this surface the 
not flux is zero, not because the inward and outward intensit'es simultaru'ously 
vanish, but because the inward and outward intensities are equal. The atmosphere 
under this circumstance is finite but yet suflSciently large to valid/ite tin* approxi- 
mation 


T 


J f 


kp dr 


1 


(r = R denoting the outer boundary is extremely large) and hence 

kpr = and dr = —kpdr 


To realise the above conditions for this configuration the measurement (d 
optical depth is made from a surface somewhat lower than the boundary fixed in 
the previous case, where the above condition is supposed to obtain. Or, as an 
alternative, we can consider the star to be in a weak radiation bath. The boun- 
dary is defined as the surface on which outward flow of radiation is balanced by 
the inward stream due to the surrounding field. As the atmosphere is very exten- 
sive, both the intensities will be very feeble. So the term containing reduced 
incident radiation in the transfer equation can be ignored and the original equation 
of transfer adapted to the present case. 

Under the circumstances mentioned above, the constants in the general 
equation (19) may be evaluated under the following boundary conditions : — 

(i) at the outer boundary denoted by r = 0, 2 = 0, = K(0) = Constant 

and F = F(0) = 0 . ’ 

(ii) at the inner boundary denoted by r = tj, 2 = zi, flux F(z) = F{zi) . 
This flux is always outwards as the inward flux at the lower bound of the photo- 
sphere may be neglected in comparison with the outward one. 

From (17) and (19) 


K(z)^z^f(z)^C\zUJz)+C^z^K,(z) (30) 

Applying the first boundary condition, the J^i-integral at r = 0 or 2 = 0 is 
given by 

K(0) = (7.2 X Jim (z^K^iz)) 

*-►0 


( 31 ) 
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If n in tuken to be'equal to 2, 


2(n— 1] 


lim z'‘K,(z)= l~ . 
1^0 ' \ ^ . 


.. (33) 


.. (34) 


Uki!)^ th(^ siicond boundary condition, Ci can f)c (‘vuluatcd. if at t lie lower 
boundary giv(?n by r = T| or 2 = 2t, K(z) = K(zi) 

„ Kiz,) /2\i • ^.(^1) 


Hence 


.. . 

’■'[KW W 


The valiH^ of A'-inte^iNil at any dejith is ^dven by 


Liil - i -- i - -7 (- 1 + A' I 


-i42*'/j2) + 


ivW2;4(M ) ' 




K^[z)z'' . . 

/2\i A:^(2 i) 


And A^(2) at any depth is ^ivaai by 

J^(2) _4o 

£■('()) ~ dz \K(h}J " 




Thus knowing the values of wq , z ,, and we can evaluate 

A(()) A.(0) A(U) 

fFFPTx JFir^ present case. 

A(U) A(U) 

6. The boundary condition at the outer boundary allows us to divide the 
total flux there into two equal fluxes -F-n(O) and f_i(0) meaning the outward and 
inward fluxes respectively at t = 0 and 2 = 0. Now, expressing the if-integrals 
and fluxes at the inner and outer boundary in terms of inward and outward 
intensities, it is possible for us to find out an expression for the ratio of the 
outward fluxes at the inner and outer surface in terms of q and Zi, Fixing the 
value of g, it is possible to draw up a table showing the relation between 

and Zi and plot against Zi in a curve. 

-F+i(U) 

We know that 

K(z^) = ^ J/+i(2;i) . . . . (42) 

JP(2j) = = -^(/4.dZ|) — /_i(2i)) py , (43) 
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the Outward intensity is negligiblh in comparison with 

:.K{z^)=^^F(z,) (44) 

At the outer boundary total flux is equal to zero, and the if-intogral is A'(0). 
••^( 0 ) = ^ 3 {/..( 0 )-/- d 0))=0 ) 

.•./+,(0) = /-,((►) ) 

W = H^+i(<M + /-,(0)) = i/.H(0) .. .. (46) 

and A’+,(0) — “ ^ -y+dO) 


-5^ /+,(0), A(0) = "/-iii;' 
V-^ 2\/3 


. A'(z,)_ , F(z{) ^F(Zt) F(Zi) 

■ ■ K(()) - ^ >+,(0) ’ A(0T ~ “V.‘{ ■ • •• (48) 

Now putting 2 = 2 j in equation (41) 

Z(3l^ __ 

(lV)‘[7/._,(m)-a7:^ /.('!)] 

Tho valuers of this ivitio for ciifforoiit v^'ilucs of rj and honcf' Z\ an‘ ph(»wii in (ho 
following tai)Io for dift(‘r(‘!nt v'ahios of cuq . Thr(*<( (uis<'s have IxMai coiiHi^iorc^d 

namely a>o == 90%, a>o = 67%, coq = 10% 





2 
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Table 



a>Q 

90% 

Wq ^ 

67% 

a>o - 

10% 


i 


1 



F(ti) 


1 

1 


! 




U-2 

0-30 

2'41) 

• ’ 

0*2 

2*26 

0-12 

213 

0-3 

Ofi.') 

2 SO 

0*3 

2 3S 

0-18 

2*20 

0-4 

0-73 

3:i2 

0*4 

2-r>2 

0-24 

2*20 

0-5 

01) 1 

4-00 

0*.> 

2-OS 

O-30 

2-32 

0« 

110 

4 04 

; 00 

2-S.5 

O-30 

2-3S 

0-7 • 

1-2H 

0-44 

0-7 

• 3-02 

0-43 

2-42 


l*40 

0-42 

OS 

.3-24 

O-Il) 

2-47 

01) 

, 104 

17(il 

00 

3-40 

0-55 

2-,61 

l-O 

1 183 

ir.of. 

' 1 0 

3-71 

0-01 

2-64 

M 



11 

31)S 

i 0-07 

2-50 


1 


1-2 

4-33 

1 0-73 

1 2-60 

!•:) 



1-3 

4-74 

0-70 

1 2-00 

1-4 

j .... 


1-4 

5-23 

0-S.7 

2-02 


t 


16 

.*>'Sr> 

r)0l 

2*02 

hO 



10 

0('»2 

007 

' 2-02 

1-7 



1-7 

7-02 

1-03 

2-00 

l-H 

1 


1*8 

0-20 

MO 

2-r>i> 

I-i) 

' .... 


10 

11-00 

l-K) 

2-57 

20 



20 

1.7-Sl 

1-22 

2-54 

214 





j 1-30 

i 2-49 

2-30 

' .... 




1-40 

2-43 

2*40 

i 



i_ 

l-r )0 

i 2-30 


The variation of the ratio of the outward fluxes of radiation at the inner and 
outer boundaries of an atino8})here with a 8nrfac(‘. slowly mer^on^^ into an external 
radiation field, with optical depth has l)e(*n plotted in Fig. 1. Tlie atmosphere 
considered is an (‘xtensive oik*. 8o that the flux ratios obtaiiKd for small Zi are 
unreliable. For a>o = beyond 2:^ = I • I, the value of the flux ratio increases 

very fast (tending to infinity). The curves for coq = 90% and wq = 67% show 
nmiarkable similarity of behaviour. But for coq = 10%, i.e. for small scattering, 
the curve behaves in a different mann(*r. According to the present theory, the 
curve in this case is very flat and graduall}" a})proache8 a limiting value, a large 
value of flux ratio never being attained in this case. 

It is a pleasure to acknowh*dge my indebtedness to Prof. N. R. Sen for his 
constant advice and helpful discussions, during the preparation of this work. 

Abstract 

The equation of transfer of radiation in spherically symmetric atmosphere for non-conser- 
vativo isotropic scattering has boon solved by the method of Chandrasekhar in which integrals 
are replaced by corresponding Gaussian sum.s, and first approximation results have been fitted 
to two boundary conditions, one of no incident radiation and the other of a very weak radia> 
tion field penetrating from out^iide. In tho second case the variation of outward flux with 
optical depth for very large, moderate and weak scattering has been worked out and the results 
shown in a diagram. 
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(Communicated by K. Banerjee, F.N.I.) 

{Received August; I read October 9, 1953,) 

Introdttotion 

The understanding of the correct mechanism of the coloration of the ruby 
glass is a long-standing problem. The ruby glass co\^crs thi‘ whole tyjxi of colloidal 
coloured glasses such as gold ruby, copper ruby, cXv. Along with that the ghisses 
coloured by Ag and Pt need be studied because they bc^long to the same class of 
ruby glass but they are of different colours. In course of the preparations of the 
above glasses, two operations are required : (1) preparation of colourless transparent 
glass, and (2) development of colour by heat-treatment. 

All workers are unanimous that the coloration of the glass is diui to the lino 
suspension of the metal. But there is much controvc^rsy riigarding the state of 
existence of metal in colourless glass. Zsigmondy (1909), Weyl (1945), etc., believe 
that metals like Au and Pt exist in atomic form or in a form of nucleus in the 
colourless glass while Silverman (1931), Stookey (1949), etc., believi^ that the metal 
exists in oxidised state in the above glass. In the present paper the above problem 
about the state of existence of the metal in tlie colourless glass has been studied 
in borate and sodasilica glass where the solubility of metal is appreciable in com- 
parison with usual silicate glass. Along with that the effeett of concentration of the 
dispersed phase and heat-treatment on the size of the metal particle has been 
studied. It is worthwhile to mention here that as the size of the particle increases, 
the scattering of the incident light comes into prominence. Although some works 
have been done in the above direction, yet it is expected that the above investigation 
will give some valuable information about the different stages of the dispersed 
phase during the development of colour in above glass specimens. Use has been 
made of both chemical and physical methods so as to study the following problems : 
(1) the state of existence of the dispersoid in colourless glass specimen, (2) to study 
the effect of heat-treatment on the colour and the size of the suspensoid, (3) the 
relation between the concentration and the size of the suspensoid in the glassy 
matrix, (4) to determine the size of the suspensoid by the X-ray method, (6) to 
study the effect of concentration of the dispersoid on the characteristic diffraction 
pattern of the original glass base. 


Chemical study of coloublbss glass specimen 

Glass specimens of M-B 2 O 8 , M-borax and M-Lindemann and M-soda-silica 
glass (where M stands for Au, Pt or Ag) were prepared in the Pt-crucible in an 
electric furnace and in complete absence of any reducing agent. In all these glass 
samples M can be dispersed •to an appreciable extent as for example, Au can be 
dispersed in borate and soda-silica glass with 26% soda content to the extent 
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of 2*45% and 0 - 20 % fespectively. Colourless transparent glass wps obtained by 
rapidly quenching the melt in a low temperature, but in course of that operation 
it is observed that some high M (especially Au) content specimens exhibit coloration 
even when rapidly ((uenched. However, some colourless specimens of each series 
were j)ref)ar(‘d. All the borate glass specimens are moderately soluble in water 
and the solubility (jf soda-silicate glass in water is quite appreciable. In colourless 
Hpccimens in order to find out whether M can exist in atomic or ionic form or can 
form a compound with the glass-solvent, the aqueous solution of 2 gm. of 0 * 5 %M 
(content borax and B2O3 glass and that of 4 gm. of 0-1 %M content of soda-silica 
glass wtT(* subjected to the following chemical reaction. 

With NaCl solution, a precipitate of AgCl was obtained from a clear solution of 
silver glass and that indicated the presence of Ag ion in solution. Again with the addi- 
tion of dil. HNO3 filtrate after the separation of AgCl, a further precipitate 

of Ag (1 although very small in amount was obtained and that indicated the presence 
of Ag in the ehunental state. Whereas in a clear solution of gold and Pt-glass no 
(widenee of metal in the ionic state was found when the resjKHitive solution was 
trcMited with sjx^cific t(‘Ht for Au*^*^ ^ ion su(*h as alkali iodide in alkaline solution 
and th(i above o]X‘ration indicated absence of metal in the oxidised state. But 
in the solution of Au or Pt-glass in aqua regia, when treated similarly as above, 
evid('ne(' of nu'tal in th(*. ionic state was obtained and that indic<ated the presence 
of elemental metal in glass. Thus it i.s obvious from the above operation that Ag 
remains in tiu' glass in both eltun(^ntal and ionic state whereas Au and Pt exist only 
in th(> ehmu'ntal state in glass. Furtlu r it has been corroborated by the fact that 
up to this time any borat(‘ or silicate of Au and Pt is not known, while Ag can form 
both borate and silicate. 


The effect of heat-tkeatment on the size of the dispersoid 

It has b(»di stated before that during the heat-treatment of colourless specimen, 
th(^ coloration of glass tak<‘H place. The duration of heating and tempiTature of 
heat-treat ment vary with th(^ nature of glass composition. It has been suggested 
by Zsigmondy that th(‘ devt^lopmeiii of coloration in glass is controlled by the 
relative rate of two distinct ])roee.sses: (1) nucleus formation, (2) the speed of crystal 
growth when^ nucleus is a colourless discrete particle containing a number of atoms 
just sufficient for the thermodynamic stability and the crystal growth is a process 
in which additional material deposits on this particle causing it to increase in size. 
Thes(' two functions are indeixuident of changes of temperature, both of them having 
maxima, more or less pronounced at different temperatures, and they cause crystal- 
lisation of the dispersed phase. The above process of crystallisation of the dispersed 
phase is quite distinct from the devitrification. 


The relatimi betiveen the cancentration arid the size of the suapensoid 

In connection with the size of the disjiersoid of different coloured glasses, 
having the same or different metallic colourant, of different glass compositions, 
but of same or different thermal history, the size of the dispersoid has been deter- 
mined by the X-ray method. The present investigation also includes some specimens 
of AgCl-borax glass. During the course of our study of different glass specimens, 
we have found that the width of the line of the dispersed phase in the X-ray picture 
decreases gradually with the rise of concentration of the dispersed phase, and that 
is due to the increase of particle size and the details of the particle size measurement 
have been discussed in the following sections. 
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PaHicle size of su^^jmnsoid^ hi colloidal coloured glass 

The relation between the particle size and the width of the diffraction line at 
half maximum intensity was proposed by Scherrer (1920) on the assumption that 
the radiation was parallel and the sample was transparent by the following equation — 
A/A 

^ “ Lease where =r.the breadth of diffraction interfeixuioe at points of half- 
maximum intensity, expressed in radians. 

A = wavelength of X-rays. 

L = the edge length of the crystal considefed as laibie. 

Q = the angle of diffraction. . 

h = the natural breadth of the Debye-Scherror diffraction lim^ which is a 
constant depending upon the particular apparatus, size, and absorp- 
tion of the specimen. 

k = a constant, the value of which is 0 9. It must be pointed out that 
the above two assumptions of iS(*herrer are difficult to rcafise in 
practice. 

An equation similar to Scherrer was deriv^e<l by Seljakov, Bragg, Lain^ (1920), 
etc, Laue derived an equation wliich in its most general form ix'rmits the size 
evaluation in different directions on th(‘ assumption that tlie radiaiio?! was i)urely 
divergent. The general form of that equation is as follows: — 



jS = absolute corrected value of the breadth in angular mcMisure. 

6 := angle of reflection. 

IV = a constant (0*55). 
r = specimen radius. 

R = radius of camera. 

n is a quantity related to the particle size by a complex expression which, ff)r cubic 
crystals, reduces to 

A 

n = 

47r A 


where A == edge length of the particle. Later on Brill (1928), Brill and Pclzer 
(1931) and a few other workers published some interesting accounts of the limitation 
of the above equations and suggestions of some new equations and procedure 
considering the nature of the experimental specimen. 

It is worth while to mention here that in the case of colloidal coloured glass 
specimens, we are confronted with some difficulties such as weak lines, the presence 
of diffuse bands of glass which in some cases superimpose on strong lines, absorj^ion 
factor of glass base, etc., and some of the details of X-ray photographs hav^ been 
given in our previous paper (1953). The particle size of the dispersoids of some 
glass specimens has been measured in the usual process. The X-ray picture^ were 
photometered on a Mollis recording microphotometer. The angular width at 
half-maximum intensity is measured from the curves after converting the above 
curves into densities with the help of a standard wedge in the usual proc^. Agam, 
in the evaluation of the particle size, broadening due to instrumental factor has 
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been considered. The average particle size of some dispersoids is" given in the 
following table : — 


Table I 


Glass oomposition. 

Sample 

No. 

t 

Concentration x>f 
dispersoids. • 

Average 
particle size. 

Pt-borax 

1 

0-76% 

89 A 

Pt-borax 

2 

0-976% 

120 A 

Pt-borax 

3 

1-63% 

228 A 

Pt— • » 

4 

•0-80% 

124 A 

Pt— -15203 . . . , 

Pt-Lindemarm 

6 

l-»2% 

243 A 

1 6 

0-61 

60 A 

Pt -Lindemafin 

! 7 

0-76% 

100 A 

Pt—Iiindernann 

! 8 

1-76% 

243 A 

A^-borux 

9* 

0-60% 

.... 

Ag-borax . . 

10 

1 1-60% 

115 A 

Ag-borax 

11 

3-60% 

275 A 

AgCl-borax 

12^ 

0-46% 


AgCl-borax 

13 

1-20% 

86 A 

AgCl-borax 

14 

3-20% 

139 A 


i 


* LineH of the diaporttoid are too weak for the correct evaluation of half- width. 


Thufi it is (juite evident from the table that the concentration of the dispersed 
phase decides the ultimate size of the particle and the size of the particle increases 
with concentration in tlie same series, when other factors such as glass composition, 
thermal history, etc., are the same. The average size of the particle lies within 
the range of colloidal particle. We may mention hero that in transparent coloured 
glass the amount of colloiflal particle does not represent tlie whole of the dispersed 
pluise, because along with the (‘olloidal form, there is a possibility of existence of 
atomic form or nucleus form in the glassy matrix. However, the size and the 
number of colloidal particles will be increased by the diffusion process at the cost 
of atomics form of the dis|H‘rsed metal, ultimately by prolonged heat-treatment, the 
whole of the (lis}KU’S(*(l phase is precipitated thereby causing a drastic change in 
colour and transparency of the glass. That has been amply demonstrated by 
X-ray study of a transparent Ag-borax glass which initially did not reveal the 
presence of crystalline Ag, but after prolonged heat-treat ment for six hours at 
rmOW that particular specimen revealed the presence of big crystallites of Ag which 
was indi(‘ated by the discc^ntinimus lines of Ag in tlu^ diffraction photograph of 
glass s{)ecimen. 

Nature of the glass band 

It is well known that the X-ray diffraction pattern of oxide glass consists of 
bands only and from the analysis of the diffraction pattern, valuable informations 
conceniing the interatomic distanw Ix^tween the atoms and the co-ordination 
number of cation art^ known. In connection with that work the role of different 
cations in the glass composition has been understood with considerable success. 
Warren and his associates (1938, 1942) have done a considerable amount of work 
on the above problem. But the colloidal coloured glass deviates from the usual 
oxide glass by the existence of fine suspensoid of metal in the glassy matrix. During 
the course of investigation comprising several coloured glasses, it is found that the 
characteristics of the diffuse band of pure glass remain unchanged in coloured 
silicate, B£08, borax and Lindemann glass. Only with the rise of concentration 
of the dispersed phase, there is an increase of diffuseness and lowering of intensity 
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AM^LE OF DIFFRACTION IN DECREES 

Flu. I. 

Maximum of every curve is taken as 10 unitg. Photometric curvea of samplea I, IV, VIK 
XII i and XIV with intensity Units have been shown in the above figures. Details of each 
sample have been given in Table I, 

of th(^ bands {vide photometric curves of samples of th(5 same glass base with in- 
creasing concentration of solute, for example, Sp. 1, 2, 3; Sp. 4, 5; Sp. 6, 7, 8; 
*Sp. 9, 10, II ; and Sp. 12, 13, 14, in Fig, I) and that is due to the increase of random- 
ness in the respectivt? glass structure in addition to th(^ high absorption coefficient 
factor of the dispersed phase. The photometrit; curvt^s of X-ray diffraction pattern 
of some glass series are given in Fig. 1. 

Abstract 

This paper comprises the information about the different stages of the dispersed phase 
during the development of colour in the colloidal coloured gloss samples. The nature of the 
dispersed phase, the relation between the size of the dispersoid with concentration as well euai 
with heat -treatment and the influence of the dispersoid on the characteristics of the diffuse 
band of the original glass base have been studied. It is found that Ag remains in both elemental 
and ionic stato in glassy matrix while Au and Pt exist mainly in the elemental state. 
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ON LATTICE COVERINGS BY SPHERES 
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T / niverMty Coll eye , ^ Hash iarpur. 

(Comnmnieatod l>y H. Gupta, F.N.I,) 

(Received January 13 ; read October 9, 1953.) 

1. The object of this paper is to obtain the most economical lattice coverings 
of the three-dimensional Euclidean space l)y equal s[)h(Tes. 

Let K be a body in n dimensions and A a lattiiu^ such that every point of the 
w-dimensional space lies in one at least of the bodies obtaim*d from K i)y applying 
to it all possible lattice translati{)ns. Thtai W(‘ say that A is a covering httice 
for K. If K is bounded, tlie ratio of the total voliiim* of tlie bodies K to whole 
space (in the obvious* sense) is V (K)ld(A). when’! T (K) is the volume of /v and 
d(A) the determinant of A. This ratio V(K)jd(A) is called the density of the 
lattice covering by K provid(‘d by A. TIh^ lower boinid 6(K) of V(Ji)fd(A) 
taken over all covering lattices A for K is called t he density of the most economirxil 
coverings hy K and tlu* coverings with t his density an' calhal the most economical 
lattice coverings. Th(‘ir cxistcnc(' for convex bodi(‘s was proved by Hhtwka.f 

The problem of most economical or thinnest lattice coverings is connected 
with an interesting typ(' of Diophantine inequalities, an example of which is 
provided by Theorem 2. 

The analogous problem of closed lattice packings has been studied for a 
long time mainly because of its connection with another type of Diophantine 
inequalities. But the problem of thinnest coverings has only recently started 
attracting the attention it deserves and within the last h^w years a number 
of interesting results have been obtained. However, the value of B(K) is 
known only for convex bodies in two dimensions, wluue the problem is equivalent 
to findiiig the largest S 3 rmmetrical hexagon contained in A'.J The results of 
this paper seem to be the first § exact results in dimensions higher than the 
second. 

For spheres in n-dimensions Davenport || has proved that for large n, 

0(/r)< (M5)\ 

and Bambah and Davenport ^ have shown that 

B (K) > 4/3 — €„ -> 0 as n—> oo . 

Our results can be stated as 

Theorem 1 : — Let K he a sphere in three-dimensional KucUdean space and 0 (K), 
the density of the, most economical lattice coverincf hy K, 


* Let X be a cube of side L and N, the number of bodies K having a point in oommon 
with X. Then the ratio is defined as lim NV(K)IL^, where V (K) is the volume of K. 

->0O 

t Monat. Math., 53 (1940), 81-131. 

t See FAry, I., BuU. de la Societe Math, de France, 78 (1950), 152^161. 

§ Except, of course, for a number of space filling polyhedra. 

II Rend, di Palermo, Ser. II, vol. 1 (1952), 1-16. 

If Jour. Land. Math, Soc., 27 (1952), 224-229. 
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Then 


$ (K) = J3 


sys 

32 ’ 


.. ( 1 ) 


where Jj, 


4 

3 


It lA the volume of a unit sphere. 


Further, a lattice A provides the fnost economical lattice covering * by K if and 
only if by a suitable choice of orthogonal axes, A is generated by the points 


2r 

75 


(- 1 , 1 . 1 ), 



2 /* 

- 1 . 1. 

' 7® 


-1). 


and K has the equation 


= r2. 


It can he caaily shown f that Theorem I is equivalent to 

Theorem 2: — Let f{x, y, z) ^ ax'^-\-by'^‘{‘Cz'^^2ryz+‘lszx-\-2txy be a positive 
definite quadratic form with real coefficAenis and determinant /)>0. Then there 
exist real numbers Xq, yo, such that for all integers x, y, 2, we have 


fix+xo, y+yo. z+Zo) > 



( 2 ) 


he sign of equality being necessary if and only if 

f 4- 3i/2 + 3^2 — 2yz — 22ar — 2ocy) , . . . . . . (3) 

and p > 0 is any real number. X 

It will follow from onr proof that 

Theorem 3: — Let FI be the largest convex spacefilling^ polyhedron that is 
coniained in K. Then FI has seven pairs of opposite faces and all the vertices of FI 
lie on the .surface of K. 

I am grateful to Professor H. Davenport for a very useful correspondence. T 
iun also indebted to Prof. H. S. M. Coxeter for useful comments. 


2 . Lot f(x, y, z) - ax'^+by^+cz^+2ryz+2szx+2txy bo a positive definite 
fonn. We siiall denote its determinant by Df or by D, when there is no danger 
of confusion. Let {$, rj, 0 be any set of real numbers. Denote by m (^, y, 
the minimum of f($-x, y-y, f-r) for integers x, y, z. Let be tlie upper 
bound of {$, y, C) for all sets (f y. J). Then Theorem 2 is equivalent to 
saying that 


771 == bd Mf = bd 



(4) 


the lower bound being taken over all forms /, and that m is attained by those 
forms and those alone which are equivalent to p (327a;2— 2 i 7 y 2 ). 


♦ Prof. Coxeter points out that this lattice is the ‘ body centred * cubic lattice of crystallo- 
praphers and that its Dirichlot region is the truncated octahedron (so named by Kepler in 1619) 
t See, e.g., Davenport, loo. cit, ^ ' 

t It is interesting to remark that the critical forms here are reciprocal to the fortn 
which are critical in the packing case. 

S Le„ e(n) = 1 . 
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3. We first T)bserve that the expression Mf =» is invariant under integi^l 

Df 

uni-modular linear substitutions on the variables x, y, z. Consequently we can 
suppose, without loss of generality, that / is reduced in the sense of Seeber i.e. 
the coefficients a, />, c, r, s\ t satisfy the relations 


and 


0 < a ^ 6 ^ c, 

2UI, 2Ul^a, 2|rl^6 
r, s, t are all negative or all non-negative, 
a -f* 6 -f- 2r -f* 2s -f- 2^ ^ 0 . 


( 6 ) 

( 7 ) 

( 8 ) 
( 9 ) 


We denote by Aq the fundamental lattice of points with integer co-ordinates. 

We shall also denote by FI^ the set of all points A" = (a;, y, z) tor which 
/(A) ^/(A— ^), for all points A of Aq, Then it is cleiir that the bodies obtained 
by giving all possible lattice translations to togetlier fill the whole space 
without gaps or overlappings. Also //^ being the iiitersection (common part) of 
all half spaces /(A) ^/(A— /I) is convex. Consequently, by a well-known theorem 
of Minkowski, 11 ^ is a symmetric al convex polyhedron with at most seven pairs of 
opposite faces. By the definition of 77^ it is clear that 


= max /( A ) = max /( A ) (10) 

.Vf7/^ X H v<)rtox of 11 j 

since the ellipsoid /(x, y, z) ^ Wy is (convex and 77^ is the convex cover of its 
vertices 

As we know that every convex body has at least one lattice which provides 
a covering with the least density, it follows that hd is actually attained for 

at least one form Z(ax^ + 2ryz). 

Our proof will run as follows : 

We shall first construct the polyhedron 77^ for the form \\Ex^--2Eyz and show 
that for all vertices V of 77y, f(V) = - from which it easily follows that for 

/ _ M, = = (ill' )‘. 


We then divide the reduced positive definite quadratic forms into a number o^ 
types. For each / in every type we show that either at a point P of 77^, f(P) jj)^ 
is greater than (125/1024)* or we show that by suitable variations in the coefficients 
a, by Cy Vy Sy ty WG gct R nciglibouring form /' of / with smaller than 

unless /= 3Ex^--2Eyz, In the first case wc often proceed as follows; We first 
establish that for forms of a certain set E, that contains /, and for P, a point of 77^ 

defined in a certain way in A, the minimum o{f{P)jD^ for all/eA is actually attain- 
ed at some form of E. Then for any / in A we show that for a suitable neighbour- 


♦ See, e.g., Dickson, L. E., Studies in the Theory of Numbers, Chicago (1930), 
pp. 163-165, noting that if rat = 0, we can take r, Sy t non-negative by a transformation 
EiXy y = z = E^Zy Ei^ ± 
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ing form iH smaller than /(P)^!)^* unless satisfies certain conditions. 

After obtaining a sufficient number of such conditions we show that for / satisfying 
these conditions /(P)^Z)^* is greater than (125/1024)*. In short the whole method 
can be described m that of variation of parameters a, 6, c, s, t. 


Proof of, the Theorem 


4. As explained earlier, the polyhedra 77/ play an important role in our investi- 
gation. It will be CMjnvenient to state certain properties of 77/ which are of use in 
their construction. 

Serme PropertUs of FIj : Tlie (equation of any face of IJj is of the type f(X) = 
f{X--A), wluTe A is a suitable point of Aq, the fundamental lattice.* If/(-X^) = 
/(A — A) is a fac(‘ of 17/, then so also is f(X) = f(XA'A)- Further, | .-1 is an inner 
point of the face/(Jf) = f{X--A). If we denote the infinite strip bounded by planes 
f{X) =/(A— yl) and f{X) = f{X + A) by S then 11/ is the intersection of a finite 
number of these strips A' ^ when^ A are points of A^. Also if A and B are any two 
points of A^^ and J B is not an inner point of tlien 8^ does not play any part in 
the construction of 77/, i.e. 77/ can b(‘ regard(‘d as the intersection of a number of 
8 all different from aV,.. 

5. We shall first dispost' of the fact tliat for/ = M/ has the value 

(125/102«!)*. 

The polyhedron FIj can he <nisily se<‘n to be the intersection of strips for 
different A in the following set t : 

(I, 0, 0), (0, 1,0), (0, 0, I,), (0, 1, 1), (1, 0, 1), (1, 1, 0), (1, 1, 1). 

Thi‘ Fourt(*('u faces of 17 ^ have the following ecpiations t : 

i)x-2y-2z = ±3 

-2.r+6//--2^ == ±3 
^2x^2y+i}z = ±3 
— 4.r-f 4y+4-: = ±4 
Ax—^y + Az = ±4 
4a;d-4y— 4;: = ±4 

2x+"2y + '^z = ± 3 . 


The twenty- four vertices t of 77^ are the following together with their images in 
the origin : 


(i. -i.i). (1. I. -.1). (-Ill), (-1.11), 

(i» 1 1 i)> (i’ l> •!)’ 4» !)» (ij 4> l)» ( l» 4 )* 


ih h 


It can l>e easily verified that the value of / at each of these points is 5/4. (I n 
fact one has to verify it only for two points, one from the first six and one from 
the rest.) Since the determinant == 16, it follows that 

= (125/1024)*. 

We now divide our proof into two main parts. In the first part we deal with 
form / with non-negative r, s, t, and in the second with forms of negative r, s, t. 


♦ The lattice of points with integer co-ordinatea, 
f For fuller explanation see § 13. 
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Part I 

6. In thia p,art we shall throughout supiiose that the coefficients a, b, c, r, a, t 
of / satisfy the following conditions : 

( 11 ) 

• 0g2s, 2«^«; 0.^2rg6 (12) 

• 

We shall very often denote / by the symbol («, ft, c, r, .v, /). 

In the following table wo writi* down the (‘(juations of a number of faces 
f(X) = f{X—A) of strips S These (S’, will be enough to define /7,. 


Table I 


A 

Facea of 8 , 

SymJxUs 
for faces 

±(1,0,0) 

2o.r±2/y±25: = ±rt 

±7’, 

±(0, 1,0) 

2<.r±2fty±2r2 = ±ft 

±P-i 

±(0, 0, 1 ) 

2sx-\-2ry + 2 cz = ±c 

±Fz 

±(1, -1,0) 

2{n — t)x — 2(h — t)y — 2(r — ft)z = ±{a+b — 2t) 

±Fi 

±(0, 1. -1) 

— 2(s—t)x-i-2(b — r)y — 2(c—i')z = ±(ft±r — 2/) 

±F:. 

±(-1,0. 1) 

— 2{<t—>i)x — 2{t—r)y+2(r—.s)z= ±(c±a — 2s) 

±n 

±(1, 1, -1) 

2{a+t—s)x+'2(b-{-t—r)y—2{c—r—s)z = 



-L (a±ft ± c± 21 •” 2r 2s) 

-H 

±(-l, 1, 1) 

- 2 (a~s-t)x+ 2 (h+r-t)y+ 2 (c+r-s)z = 


±(a±ft±c±2r— 2s— 2t) 

±7(’g 

±(1, -1, 1) 

2(a±s — «)a;— 2(ft-« — r).i/±2(c±s-r)z = 



"f* (a ± ft ± c ± 2s — 21 — 2r ) 

±^'o. 


We shall in future, refer to these faces by the symbols in the last column. 

With the help of (11) and (12) it is easy to verify that for any B of Aq which 
docs not appear in the first column the point ^B is not an inner point of one at 
least of the strips corresponding to the A of lable I, e.g. for integers 
p, q, r > 0, ^(—p, q, r) is not an inner point of 8^ bounded by±^8> 
Consequently 77^ is the intersection of the nine strips 8 ^ bounded by the pianos 

± = 1 . • • • . 9 

We shall now divide these forms / into three types, (i), (ii), and (iii) aceoiding 
to the relative magnitude of r, s, t which shall be studied separately. 

(i) 0 ^ t r, 

(ii) 0 ^ s ^ r, 

(iii) 0 ^ r ^ s, t. 

Forma of type (i) 

7. Lot P be the point of intersection of planes F j, F^ and F 3 and Qi that of 
and — Fg. Then it can be easily verified that both P and Qi lie in each of 
the nine 8 ^ appearing in Table I. Consequently both P and Qt are points 

of Uf and 

^ max. (f(P),f(Qi))‘ 
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Now 


fix, y,z) = {cz+8x+ry) 


* + c(qcL gitj I c(«a: + <y + 82) — a (eg -h aar-f n/ ) 


r 


iac—s^)D' 


( 13 ) 


where Z) = jL>^ is the determinant of /.* 
Thcnifore, 



1 “ 

a 

1 

;■> 1 

r 


a 

s 

= 

j 

1 

+ 

1 

r 


t 

b 

r 


u 

c 

c 


s 

c 

c 

1 

1 a 

0 

8 \ 


1 ^ 

2a 



i 

l>(~/> + r) 

r 


1 

2r 

1 

r 1 


s 

0 

c 


.S’ 

2c 

c 


4(/>* 

— r) (a— ^) {ac 

— C<J^) (cl 

— r^) 



and c(jnHt>quontly, 

if cl = rs, then /(F) =f(Qi). (14) 

8. Define the number mi as 

mi = bdJ(P)jD^ (16) 

wlu ro the bd Ls taken over ail forms (a, b, c, r, s, i) of type (i) with the additional 
property 

(16) 

Then we prove, for all/ of type (i), 

JjEMMa 1 . if ^ VI (17) 

Proof: We distinguish three cases: — 

(i) ct>rs, (ii) ci^rs, (iii) cl < rs. 

(i) Suppose d > r6’. 

Then, by (13), wo have 


where 


/« V ^ .s*)“ 

4‘^4(a7-?^)'*'4(w-8^)I)/ 


(18) 

(19) 


0 , = 


a —a s I 
t 6— 2r r 


[ s — c c 

rc aic*— acr+ac^— ar^— cs/— > 0, .. (20) 

(since bs'^+cst+arc ^ \abc+\abc+{abc = abc and ci > rs), and 

abc+2rst^ar*^--‘b8'^^cl^. .. .. ( 21 ) 
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Now 

di 

=» c(o— «) >0, 

. . . . (22) 

and 

II 




! 2(f«— Ct) < 0 

. . (23) 


Therefore, by (19), (20), (22) and (23) we can decrease /(^i)//J^* by decreasing ( 
until ct =» rs, so that for/' = (a, b, c, r, s, t') with ct' = rs, wo have, using (14), 


(ii) Obvious. 

(iii) (Suppose ct < ra. . . 
By (13), wo have 


m. 


m 


c c,{a—s)- 

4 4(ac~«2) 4(ac—a'^)i)^’ 


(24) 

(26) 

(26) 


wtiere 




a n » ; 
t b /•! 
H c r 


= (the — acr — act + (t rs -f- csl — hs'^ 


>0 (27) 

(since ahe — acr — act + a rs + cst — 

= ^c(b — 2t) (a--‘2s)+^ca(h — 2r) + yjs(C’--2s)+ars 
^ ars > act 0). 

Now 

^ = ^o(a^s) < 0 (28) 

and 

^ = 2(r«— c<) > 0 (29) 

Therefore, by (26)-(29) we can decrease f(P)jD^ by increasing t until c< =« r«, so that 
writing /' = (a, b, c, r, a, t') where ct' = ra we get 

if/ ^ /(P)/f>/ ^ mi (30) 

9. After Lemma 1, in order to prove Theorem 2 for forms of type (i) it will 
sufEice to show that 


/ 126 V 

> (.im; 


( 31 ) 



32 


R. P. BAMBAil; ON LATTICE COVERINGS BY SPHERES 


and 


By (26) and (27) it iS easy to sias that for forms / with ct = rs, 
Fi(P) = U)^ -fiP) = ahc{Ea-2Er)-Ea'^f^+2i:bcst 

— ahr(a + 6 + c — 2r — 2.s) — ^ 2brs~ + 2arh , 

= abc-\-2r,H—ar'^—bs‘^—ct^ 


( 32 ) 


2 *' 
c 

Furt her, the ex[)reHHiou8 for Fi(P) and fn^e of t, wo obtain 

///, = M 

where tla* hd is l;)k(in over ail .si‘ts of real numbers {a, h, c, r, s) satisfying * 

tt ; (35) 

if tlure is »io daiigi'r of eonfusion we shall often usi^ tlie symbol /for tlu^ set 
(a, I), c, r, s) in the following seetion. 


(33) 


(34) 


Since /(P) > ^ ^ (ahcy . - ^ />/ , aiul .• 


hr 


l(j/2(P) 


it ( an l)('- shown (vusily by using Mahler’s theorem on bounded lattica^s (P.R.S., 187, 
151-187, Th. 2) that is attained for sonm sets (a, 6, c, r, s) satisfying (35). We 
sliall call such sets (assets. 

10. We now prove a number of lemmas leading to the ])roof of Theorem 2 
for all forms of typo (^). 

Lkmma 2 : For an nii-sd we must have a = 2/?. 

Proof : If not, let /: (a, h, r, /•, .s) b(^ an /apset with a > 2s\ 

Th(‘n for small 8s 0, So ;> 0, th(‘ m'iglibouring set/'=/-f-S/ satisfies (35). 
Lt't Ss and So satisfy 


Ij") 8c 8., = ,1, 

Then {.‘{2), (33) and (36) give 


.. (36) 


and 


82)/ = 0, 


8Fi(P) = hc(a-b+ab^ + 2abc — 2(ibr — 2nl)s) + 88( — 2ahc — 2b^ — 2^■“S + ar^ + 46rs) 

2 

“ “ abc'^-r^s^ ^^ t -abc(be-r-^) (a-2s) (c-s)-ar'^a(e-s) (bc-r^) 

’—r'^a(b--r)^ac—8 ^) } 

< 0 , 

80 that/' hiis smaller Fi(P)I^D^ than /and we get a contradiction that proves the 
lemma. 

Lemma 3 : An myset must have b = 2r. 

Proof : Suppose / is an Wj-set with b > 2r. 


* yince c :> 2r, 2.v, the couditioiia i ^ r, s ; 0 ^ e are contained in 0 ^ 2^ a. 
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Then for.small 8c ^0, 8r>0, the neighbouring set/'=/+S/ satisfies (36). 
Let 8c and 8r be related by 


Then 

and 


f a6 —jSc— ~(ac—8^)hr = 0 . 


8D/ = 0^ 


8Fi{P) = Sc(a26+ ab^ + 2a6c — 2abr — aba) + 8r( — 2n?»c — 2a2r — 2? -j- 4ars + 26«*) 
2 


abc--r^^^^ {a6c(oc-s2) (c-r) {6-2/)+6r«2(ac-s2) (c-r) 

+ rs'^bc--r^) (a— 


< 0 , 


and we easily obtain a contradiction that proves the lemma. 
Vl024y 


Lemma 4 ; mi > 


, and Theorem 2 is true for all forms of type (i). 


Proof : From Lemmas 2, 3 for an Wj-form we have 


Fi{P) = abc^- 


10 ’ 


and 


^ , o86* ah , 

D/ = a6c+ Jq-- — (a+b) 

, aVfi 1 , /— 7 

^ abc + — XyOb \/ab 


16c 


Therefore, writing ( ^ cl'\/(ib, wo have 

F^iP) 


FiiP) n\ 

42);'" \4/ 


(4^-1)®'" 


= K(() say, 


and 


TYii = min K (() . 

Differentiatmg logarithmically 

ld2:^ 4(8g^-8^-l) 

^ di 3(16^‘^-1) 

Since ^ < 0 for 1 ^ | and ^ > 0 for it follows that 


= 0for| = ?i^ = {,>l. 


SO that 


mi = 

K = (2+V6)*{3+V6)"(l+V6)-® > ^ 


3 
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aince 

ahd 


(2 + V0)^{3+V6)3=: 31,716+12,948^6, 
126(76+ 1)^> = 30,125+12,62576. 


Forms of type (ii) 

11. We now consider forms of type (ii). For these forms we have 

0 0^25, 2t^a\ 0^2r^b\ .. (37) 

It can be verified easily tliat points P and defined as the intersections of 
planes Pj, P3 and F^, P3, P4 respectively lie-in each of the nine Sa in Table I 
and hence are points of FIj. 

By repeating word by word the discussion in §§7, 8 replacing (a, 6, c), (r, ^), 

(ar, y, z), and Qi by (c, a, h), {t, r, 5), (z, ar, y) and respectively wherever they 
occur it is possible to prove 

Lemma 6 : Let f : (a, 6, c, r, he a form which satisfies conditions (37). 

/' be the form (a, 6, c, /*, (), te/tcre bs' = rL PAcn 

We next jiiuve 

Lemma 6 : Let f be a form (a, i, c, r, s, t)^ which satisfies (37) and for which 
bs = H. Z/cf /' 6e form (a, h, c, r', s\ F) = 6, c, r, ^ ^ • Then 

f{P)ID) ^nP)ID;. ^ mj . 

Proof : Since P is the intersection of plan(‘8 Pj, P2» ^nd P3 it is easy to verify 
(by permuting (a, />, c) to (c, a, b) in (26), (27) for example), that 


where 

Also 

where 


fiP) = 4 - 

’ 4 4(bc-r-^) 4(bc~-r^)Df' 

== abC'—bct’-bcs-\-ctr'\-br8—ar-, 

np) = ^ 

^ ^ 4:^ 4(bc-r")^ 4{bc-r^)Df’ 

'P' = abe—bet' —bes' -pet’ r' 4-br's' —ar’^ 


(38) 

(39) 

(40) 


Since 


= aic— 62a— 6cf+6r5+6rt— ar2 . . ; .. .. (41) 

Dj — Z>/ = o6c4-2r'aT— ar'2— 6a'2— c/'2— (a6c+2ra<— ar2— 6a2— c<2) 

6 52 

=:2-rst—bt2 a2— 2ra<+6a2+cf2 

c c 


= -(c— 6) (c<2+6a2— 2rat) 
c 

^0 


(Since 6a = rt and ra< < ct^), 

3B 
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and 

V' = b^s—bcs+crt—brt 


= (6— c) (bs—rt) = 0, 

it follows from (38) — (41) tl^at 

/'(P)/i>;. . 

As ci' = bs = rt = r'5', the second inequality also follows. 

Lemmas 4, 5 and 6 together give a proof of TlK^)rejn 2 for forms of typo (ii) 

also. 


Forms of type (iii) 


12. We now consider forms of type (iii), namely those forms (a, h, r,.r, s, t) 
which satisfy 

0^2r^b;r^sJ. .. (42) 

It can bo verified that points P and ^3 defined as the intersections of planes 
Fly F^y F^ and F^, jP«, F^ respectively are vertices of 77; . 

By repeating word by word the discussion in §§7-8 replacing (a, 6, c), (r, Sy t)^ 
(Xy y, z) and Qi by (6, c, a), {Sy t, r), (y, 2, a:) and respectively one can prove 

Lemma 7 : Lei f : (a, 6, c, r, s, /) be a form of type (iii). Let f be the form 
{(ly by Cy r\ Sy t) whcrc ar' = si. Then 


mjD]^r{P)lD].. 

We next prove 

Lemma 8: Let f be a form (a, by c, r, s, t) of type (iii) which satisfies the further 
condition ar = si. Let /' be the form (a, by c, r\ s', t') = (a, 6, c, Sy ^ r, f). Then 

f(P)lD]^nP)lD).^m,. 

Proof: One can easily verify that 


where 

and 


where 


//pv_« 1 aib-t)^ . 

4 4(ab-t^) 4{ab-V^)Df' " 

.. (43) 

= aftc— a6«— a6r+6«l+arl— 

. . . . (44) 

f'lP\ ® 1 I 

'“4'^4(a6-i2) ' 4(ab-fi)Df " 

. . (46) 

<P' = oic— a2f_a6« +«»■<+ 

. . . . (48) 


As in Lemma 6, it is easily verified that D/' ^ D/, and 0' s= 0, and the first 
inequality follows from (43)-{46). The second inequality follows easily from 
Lemma 6. 

Lemmas 7 and 8 together prove Theorem 2 for forms of this type also. This 
completes the proof of Theorem 2 for all forms with non-negative r, s, t 
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Part II 

13. IjGt f he a form for which Mf^m (see (4)). Then we shall call / an 
* w-form \ 

Thoorem 2 is obviously equivalent to the statement ‘All reduced w-forms 
are multiples of We have seen in Part I that the reduced forms 

with rion-iiegativ(5 r, s, t cannot be m-forms. Therefore’, we have only to establish 
that if a reduced form with negative r. a, t Is an m-form, then it must be a multiple 
of 22*2/2. This we proceed to do in this part. 

It will be convenient to write 


r = — p, 8 = —a, and t » —r,. where p, or, t > 0 , 

and to use the symbol (a, 6, c, p, a, r) for the form (a, 6, c, — p, —a, — t). We 
note that* the real numbers a, i, c, p, a, t satisfy the following : 


and 


0<ag6^c; 0<2(7, 2T^a; 0<2p^6; 

a + 6-2p-2(7-2T ^ 0 (47) 


Our first object is to obtain an expression for in terms of the values of / at 
a finite number of points. Eor this purpose we have to distinguish between two 
cases (i) a > a+r, (ii) a = a+T ; we will be able to drop this distinction later. 

(i) Suppose a > g+t. Then we shall show that 77/ has fourteen faces whose 
equations are given in the following tabK\ As we know, every face of 77/ has 
an equation of the form f(X) = /(A— J), A In the first column we give 

the points A, corn^sponding to the faces of 77/ given in column 2 and in the third 
column we give symbols by wdiich we shall refer to these faces. 



Table 11 


A 

Face 

8ymbol 

± (1. 0. 0) 

'la.r—'lnj—'laz = ± a 

± 

dh (0, 1, 0) 

— 2TX-\-'2bi/ — '2pz = ± 6 

± F2 

± (0, 0, 1) 

— '2(T.c—'2pi/ + 2cz = ± c 

± F3 

±(1, 1,0) 

2{a — T)x-i-'2(b — T)y — 2{p-\- a)z — ± (a + i— 2 t) 

± Fio 

± (0, 1, 1) 

— 2{a+T).r.+ '2{b—p)y + 2{c—p)z = ± (b + c — 2p) 

dzFn 

±(1,0, 1) 

2(a—a)x~2{T+ p)y+2(c—a)z = ± (c+a— 2a) 

± -^12 

±(1, 1, 1) 

2(a— a— t)j:+ 2(6— T— />)y+2(c— a)z = ±(a+64-c— 2i7/>) 

± -^13 


With the help of inequalities (47) it is easy to verify that for any BeAo which 
does not appear in the first column of the above table, the point is not an 
inner point of at least one 8a bounded by the planes ± i = 1, 2, 3, 10, 
11, 12, 13. Also for each A’ of the above table ^A' lies in the interior of all 
the 8 A with A A'. From this it easily follows that Ilf is bounded by the planes 
occurring in the above table. 

In the next table we list the vertices of 77/. In the first column we write 
symbols by which we shall refer to these vertices, in the second the planes on 
which these vertices lie and in the third the values at the vertex of the expressions 

— 2{ax—ry erz), 2^2 — 2( — TX-\-by — pz) and 2^3 = 2(— ax— py-f-cz). 
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Table III 


Vertex 

Faces 

Values of 2^1, 2^2. 2^8 

± 

±Fu =FJ^2, ±^12 

± «. T 6, ± (c-2a) 

± Ff 


db «, d: (6— 2t), T c 

± Ff 

± F^y ± ^^12» i ^13 

± (n-2<T), ± (6-2p-2t), ± c 

± 

i: i^2> ± -^io> "iz F 13 

± (« — 2t), ± h, ± {c—2p—2a) 

± F}.'' 

db ^^2) T i ^10 

± (fi~2r), ±6. Tc 

± Ff 

±i^2, Ti’i; 

=FfLd:/^ ±(r-2p) 

H- 

± Fly ±.FlQy ± Fy^ 

± <h ± (6-2r), ± {c.-2p-2a) 

± F»> 

db F^y db F ji, i ^13 

±(„_LV_2r), ±(b-2p),±c 

± F<’' 

± F^y T Fly d: F ,1 

T a, ± (b-2p), ± c 

±vf 

± F^y d” F 2, ii F X2 

± (0—2.7), T b, ± c 

± I'f 

± F^y ± F ixy ± F y^ 

±{n-2a-2r), ±b,±(c-2p) 

± f|;' 

± Fly di F i 2 y dz Fi^j 

± (h ± (/>-2r-2/>), ± (c-2,r). 


It is i'asy to see, cither by using the syinmctry about Ihe j’oint lA of any 
face f(X) = f(X—A), or by direct calcailations tl\at tlio values of f(x, y, z) at 
vertices with the same subscript are the same. Consccjuontly, writing 

j 

/2=/f±F'‘') i=l,2. 3, 4. 

and /3=/(±F‘‘')j 

we obtain 

nif = max (/i , A, /s) (48) 

Next suppose a = cr+r. Then it can be verified that 77^ is bounded by six 
pairs of planes, namely ±^’ 2 . ±.^ 10 , ±-^ 12 . and iT’js- Also 77^ has 

sixteen vertices, namely those of Table III except for iFg*'*, and 

± Fg But the equation (48) continues to hold. 

Therefore, we can throughout suppose that 

W/ = max(/i,/2,/3) 

and/i,/ 2,/3 are defined hy the points of Table III. 

By straightforward calculations we obtain 

Fi = 4D/ /i = abc(Za—2Sp)—Sa^p^+2Xbcar—4J)caT+^b(j^r 

+4C(7t2 — iapar — . . (49) 

J’a = 47)/ •/2 = abc{Sa-2Sp)-Sa^p^+^Ebcar-icaTp+icr^p 

■{■4arp^—4t)par—^r^p^, . . (60) 

and 

Fi = 4J)sfz- abc{£a-22p)-Za*p^+2Sbcar-iabpa+4<ip<‘a 

+46po*— 4 c/>ot— 4/)*a®. . . (61) 
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\Vc next observe 

— jF'g = 4t(c— /)— o) (crp+ar— 6a — pr), . . . . (52) 

F — F‘^ = 4p(a — a — r) (ba-j-pr — Cr — po), . . . . (53) 

and 

F^ — Fi = 4o(6 — r— p) {CT-^-por — ctp-^or), . . . . (54) 

14. In this section wo prove a nlimber of lemmas to show that for an m-form 
we must have m/ equal to at least two of/ 1,/2 Jind/s. 

Lemma 9. For an m-form we cannot have 

fi>Uh. 

Proof. Suppose /: {a, 6, c, p, c, r) is an m-form with /j > / 2 , /s- Then we 
must also have Fi > F 2 , F;,, and therefore, by (52)-(54), observing that 


c p + a, 6^T+p, a5^cj + T 

wo get 

ap-{-(TT > /)cr + pr, CT-f ptJ- 

In particular 

a{lj--T) < p{a — T)y 

nnd therefore, a < p. 

Also 


» < y < y ^ 

'rhon'forc, a > 2a. 

In view of th(^ above for small > 0, Sp <1 0, 8p+Sa = 0, the neighbouring 
form /' =:/+8/ satisfies inequalit ies (47). 

Now 

»»,' =/l >/2./s- 

Therefore, for small 8a, 8p 

=/r 

As 


y. 3) = ax‘^+l)ij- + cz^ — 2pyz—2<jzx—2Txy 
1 1 




^ (af 2 +T^,) 2 + ^ 


a(a6 — T- 


Mab-r^)Df 




it follows that 


« _ / _ - "-L , 


0; 


where 


01 


a — T a 

— T 6 —6 

— cr — p c — 2 a 
(a 6 — T^) (c— p— a) +T{ap+aT— 6 a— pr) > 0 , 


4 ^4(a6-.T2)^4(a6~T2)Z)/ ' * 

(a6c — aba — abp — 6aT + apr + 2T2a — ct^) 


(55) 


( 56 ) 
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and 

Df = oftc— 2paT— ap2— 6a2— Cr* >0. 

.. (6.7J 

Now 

= (2t 2— a5— 6T)Sa+(aT--a6)Sp 



= — T(a4"8 — 2 t) 8a < 0 

.. (68) 

and 

iDf = — 2(pT-f 6a)Sa--2(aT + ap)8p 



= 2(ap+o'r — ba — pT)^a >0. 

.. (69) 


Tiierefore /' has a smaller^ tlian / and we get a contradiction tlmt 
proves the lemma. 

Lemma 10 : For an m-form we canmi have 

fl >/ 3 >/l* 

Proof: Suppose /is an m-form with 

/2 >fzyfl' 

Then F 2 > F^, Fi and by (53), we have 


and 


6cr + /)T > Cr + pc’, 


a(b--p) 

T <, 

C-p 


^ <7 ^ J a, 


i.e. a > 2t. 

Nt »w the proof follows by ax)X)lyiug a cyclic x)enTiutation* to the proof of Lemma 9 
from the sentence ‘ In view of the above for small 8cr > 0, 8p < 0, . , .* onwards. 


Lemma 1 1 : For an m-form we cannot have 


f ^ ^ f i> f 2' 

Proof : Suppose / is an m-form with 

/a /2 ’ 

Then 

Cr + por > ap+cT, fta+pr . 


We distinguish between the following two cases : 

(i) 6>2p, 

(ii) b = 2p, 

(i) We get a contradiction by applying a cyclic permutation to the proof of 
Lemma 10 from the step a >2t onwards. 

(u) b = 2p. Since a+b'^ 2p+2a+2T, it follows that a > 2a. Consequently, 
for small 8a > 0, Sr < 0, Sa+Sr = 0, the form/' : (a, b, c, p, a+8a, r+Sr) satisfies 
(47). Also 


* I.e. by replacing in the proof (o, b, c), (p, », r), (^i> ^s) V’ *) 

( 6 , c, a), {<7, r, p), {Ff, Ft, Fy) and (y, z, x) respectively. 
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11 2 DfX^ 

f{x, y,z)-- { (^C-p2)t/-(CT+/)a)a>} + 


Thon^oro, 


where 


0^3"^ c(6c-/)2) 4D/{bc-p^) 

/• _ £ f I 

•/a / V 3 y ~ 4 ^ 4(6c-p2) ^ 4Z)/(6c-/>2) * 


rt--2o' — ' 


= —6 6 — p = (a5c— 6ca— 6cT+cpT— 6por— •ap2+2p2(T) 

c —p c 

= (i^C— p 2 ) (oj—or — r)4-p{cr+pa — 6a— pr) >0, 

I)j = aic— 2paT— <2p2— 6a2 — ct2 > 0 . . . 

S<p = 8 c 7(— 6c— 6p+2p2)4-ST( — 6c4-cp) 

= -8a(6+C-2p) 


87)/ = 8a( — 2pT— 26a)+8T(— 2pa— 2 ct) 
= 2Sa(cT4'/><^ — 6a — pr) 


it follows that /' has a smaller mfjDf than /, which is a contradiction that leads to 
the lemma. 

From Lemmas 9-1 1 it follows that for an m-form Wf is equal to at least two of 
A’ A A' object of the next three sections will be to prove that for an 

m-form wo must have = /^. 

16. The object of this section will be to prove that an m-form cannot have 

f \ ” A ^•^3' 

We shall throughout this section suppose that/: (a, 6, c, p, a, r) is an m-form 
with /^ = /g > /g and got a contradiction. 

Lemma 12 : The form f must have 

a = 2a-f-T, 6 = 2p+T. .. .. .. (62) 

Proof: Since /j = >/^, we clearly have 

and it follows from (62) and (63) that 

ap+ar = 6a4-pT"'> Cr+pa . . . . . . . (63) 

We now observe that 

b^2p+r (64) 
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If not, suppose 
Then, 


and 


b < 2p-f-r . 


O’ > ia-\-T 


‘^{2p+t)+pt > fw+pr = ap-f-oT > p(2(7+T) + <Tr, 


wliich is a contradiction that proves (64). 
From (63) and (64) it follows that 


•a^2ff+r (66) 


Also the signs of equality and incqtiality in (64) and (65) go togetlior. 
Now suppose 


Then 


o > 2a4-T, h > 2p + T . 


a + b > 2p+2cr + 2r, 


( 66 ) 


so that for small 8p > 0, 8ff>0, and 8c > 0, the neighbouring form : (a, b,- 
c+8c, p+Sp, cr + Sor, t) satisfios the ineqiialil i(‘H (47). r^>t So-, Sp, and Sc he connected 
by the relations 

(a— t)8/) = (b — t)^^, . . . . . . (67) 

and 

(a6-T2)8c = 2 (ap + aT) (Sp+Sa) (68) 

Now. 

(l(p-f-8p) + (cr-f'8a)T — 6(a+8a) — (p“f“8p)T = 0 . 

Therefore, 

= =/2>/9- 

By giving cyclic peimutation twice to the expression for in I^mma 11, 
(part ii), or by direct computation, 

f =z ^ 4- 4 . . 

J2 V 2) 4 4(a6-T2) ^ i.Df{ah-T^) 

where 

(P = (obc — cthp — CLha’\-hoT — (tpr — CT2-f'2pT2) 

= {ah — t2) (c — p — a)4"r(6a+pT — ap — ar) 

. >0, (09) 

since 

C ^ \{ci + h) > p + cr + T . 

Now 


80 = {db — t2) 8c — ( aft+ar — 2 t 2) 8p — (ah — br)S(7 

= 7 — ^ — r So- f 2 (ap+c 7 T) (a+b — 2 t) — (oA+^r— 2 x 2 ) ( 6 — r)— 6(a--T)2} 
(a-r) 

1 

~ (a— t) 

< 0 , 


Sa(a+6~-2T) (2ap+2ar — a6+T2) 
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since, by (66), 

ah—2ap — 2aT — t* = a{b — 2p) — T(2or-}-T) > 0. 

Also 

SDf = (ab — t^)8c — 2(a/}+ar)8p — 2(6cr+pT)8a 
= {ah — t2)8c — 2{ap+aT)(8p+8(7), 

= 0. 

Thfircfore, /' iias a smaller m^JD^ than / which is a contradiction that disproves 
(60) and the lemma follows frf)m (61), (65) and the remark before (66). 

L^mma 13. The form f cannot have 

h ~ 2p-}-T, a — 2a-l-T. . . . . . . (67) 

Proof: Suppose / satisfies (67). Since fi ^fz >fi, we have 

ap-\-aT = ba-\- pT > ct-\- pa. . . (68) 

In particular, 

o{h—p) > t(c— p), 

so that 

^ ^ i 

Consequently for small 8r > 0, Sp < 0, 8cr < 0 and 

8t= - 28p= -.28(7, (69) 

the form /' : (a, 8, e, p + 8p, a+Sor, t+8t) satisBes conditions (47). As 
a{p + 8p) + (cr + 8(T)(T + ST) — 6(a+8cr) — (p + 8p)(T + 8T) 

= Sp(a — 2cr+T— 6+2p-— r) (by 69), 

- (by 67), 

it follows that 
Now, by (49), 

4tDffi = JPj = ahc{(i'\-h^c — 2p — 2a — 2 t) — eflp^ — 6^a2 — c^T^-|-26caT 

+ 2carp+2aftpa—46caT + 48a2T+4cT2a— 4apaT— 4aV2 . . . (71) 

Therefore, substituting for 8p and 8a from (69) and simplifying, wo got 

hFi = St( 6— a--2c+4a--2T) (fta+cr— 2aT--ap) . . . (72) 

On substituting for a and h from (67) in the above, we obtain 

8Fi = •— 2 t(c--p— a+r) (c— p— a)8T < 0 . . . . . (72.1) 

Also 

hDf = 8r(ctp-|-OT-|-6a-|-pT— 2 ct— 2pa) > 0 . . . , , (73) 

Prom (70)~(73) it follows that /' has a smaller m//2)) than / which is a contra- 
diction that proves the lemma. 

Since Lemmas 12 and 13 contradict each other, it follows that 
Lemma 14 : For an m-form we cannot have 
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16. In tltis section we shall prove by reduotio ad absurdum that an m-foma 
cannot have 

/z ■ 

We assume the contrary, i.e. that/: (a, 6, c, p, a, r) is an m-form for wliich 

/2 /s 

and so also 

Then from (63) and (64) it follows tliat we have 
either (i) a = 2 <t = 2r, cr+pa ^ 6a+pr > ap-^or, . . . ; (74) 

or (ii) a > cr-j-pa = ba-j-pr > ap + ar , .. (75) 

We now prove a number of lemmas whicli will l(‘ad to a cootradiction and 
hence prove that m-forms cannot liave /£ == /^ > /j • 

Lemma 16 : The form f cannot have 

a = 2a = 2r, Cr + po* > ia+p^ > ap'\'(Tr . . . . . (76) 

Proof: Suppose / satisfies (76). Since a = 2a = 2r and a+b 2p+2a+2T, 
it follows that b > 2p. Consequently for small 8p >0, Sr < 0, Sp + Sr = 0, the 
form /' ; (a, b, c, p + 8p, a, t+8t) satisfies the inequalities (47). Also for/', 

"‘ z - >/2 >/; • 

Now applying two ‘cyclic pormutali )ns’ to the proof of L'^mma 9 from the 
reflation (55) onwards wo get a contradiction that givc's the lemma. 

Lemma 16: We cannot have 

a = 2a = 2 t, cr+per = ba-j-pr > ap + ar . . , . . {77> 

Proof: Suppose /satisfies (77), Then it follows from a = r that 8 = c. Also, 
as before, 6 > 2p. Therefore, for small 8p > 0, 8 t < 0, 8a < 0, and 

8p = -.28a = -28 t, (78) 

the neighbouring form /' : (a, 6, c, p+8p, a+So^, t+8t) satisfies (47). 

Since 

c(tH-8t) + (p+8p) (a+8a) — 6(a+8a) — (p + 8p) (t + St) = 0, 
it follows that 

Applying a cyclic pennutatioii to the proof of Lemma 13 from (70) to (72) 
we have 

SjPg = (c— 6— 2 o+4t— 2/>) {CT-{-ap—2pT—bcr)Sp . 

On substituting a = 2 t, c = b and t = a, the above gives 

bF2 = 0 (79) 

Also, by (78) and (77), 

82)/ = Sp (iw+pr+CT+pa— 2«/)— 2aT) > 0 . .. .. (80) 

Prom (79) and (80) we obtain a contradiction that proves the lemma. 

After Lemmas 15 and 16 we can suppose that / satisfies inequalities (76). 
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Lemma 17 : We cannot have 

a = 2 t . 


Proof: Since ba+pr = cr+pa and b^c, it follows that t ^ a, and since 
2a ^ a, a = 2t would imply a = a+r, which contradicts (75). 

Lemma 18 : If b> a and o+6 > 2p+2a+2T, then a > 2a . 

♦ 

Proof: Suppose a = 2or, so that b > 2p+2t. By Lemma 17, a > 2r. There- 
fore, for small 8a > 0, 8r > 0, the fonn /' : (a+8a, 6, c, />, a, t+8t) satisfies (47). 
Ix^t Sa and Sr bo connected by 


Now 


Therefore, 


(be — p^) Sa = 2(cT+/ja) Sr . 


8(cr+/5cy — — pr) = (c — p) Sr > 0 . 


"V =/3 >/2 >f'l • 


(81) 


By applying a cyclic permutation to (69) or by direct calculation we obtain 


f = 4- I ^ 

/ 3 JK* ) 4 -r j 4Df(bc-p‘^) 

where 

0 = (a/>c— />CT+cpT — 6pcr— ap- + 2crp2) 

= (8c — //“) (a — a — r) + p(Ct + — 8a — pr) 

>0. (82) 

Since 8 — p--2t > p and c ^ a 2a, it is clear that 
8 0= (8c— p^-)8a+(cp— c6)8t 
= -.{c(8-p-2T)~2pa}8r 

<0, .. (83) 

Also 

SDf = (8c-p2)8a-2(cT+pcr)ST = 0 (84) 

From (83) and (84) we obtain a contradiction to /having smallest 7)iJd/ and 
that proves the lemma. 

Lemma 19 : We must have one at least of the following : 


(i) a = 8, 


(ii) a4-8 = 2p + 2a+2T. 

Proof : Suppose a <b and a + 8 > 2p + 2a + 2 t. 

Then by Lemmas 18 and 17, we have a > 2a, 2 t. Therefore, for small 
8a >0, 8a >0, 8t>0, the form /'; {a+8a, 6, c, p, a+8a, t+8t) satisfies (47). 
Let 8a, 8a and 8t be connected by the relations 

(c— p)Sr = (8— p)8a, . . . . . . . . (85) 

and 

(5c— p2)8a = 2(6a+pT)(8a+8T). . . . . . . (86) 
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From 

CT^pa = 6(7+pr > ap+OT, 

it is easy to prove fhat c > 2a+p^ b > 2r+p^ 

(c ^ 2a+p = > b'^ a > 2 t+p and a contradiction) and the proof can bo 
completed by giving a cyclic permutation to the proof of Lemma 12 from (69) 
onwards. 

Lemma 20 : We miiat have 

a+b = 2p+2a+2T, 

Proof : Suppose a+6 > 2p+2or-J-2r. 

Then, by Lemma 19, a = 6. Since ap+ar < fca+pr, and a = & it follows that 
p < or, and b > p+a+r > 2p, Consequently for small 8p >0, Su < 0,/'; (a, b, c, 
p-f 8p, a+8(7, t) satisfies (47). Let 8p and 8<j satisfy the equation 

(ap+crT)8p+ = 0. .. .. .. (87) 

As CT+pa = ba+pr, it follows that or ^ r, and 

8(Cr+pc7--6(7— pr) = (a — T)8p— (6 — p)S(j > 0, 

so that 

>/i-/r 

By (51) we have 

41)/. f2 = F^ = abc{Pa — 2£p)^I!a'-p- + 2£bccrT---4abpcr+4ap-(7 

+ 4bpa^ — 4 cpar — 4p^a^^ 

Using (87), we get 

(6c7+pt) 8F3 = — 28p{ (a— p)(a~T)(a2c+a2p+apa— apr— 4apa)-— 2ap<7T(<]r— p) 

— 2a2 (or — p) (a^ + p2 + (7p) + 2a {o^ — p*) (oa + pr + por) } 


= — 28p(a--p)!F, 

where, using a = b > p+a+r, we have 

W > (p+a)(a2c+a2p+apa— apT--4apcr)— 2apaT— 2a2(or+p)2 

-f- 2a^pa -f- 2a{(j d- p) {ao -f - pr -f- pci) 

= (p + O') (a^c — a^p + apr — - apcr) + 2apo[a — r) 

> (p+a)(a2c+ap(T+apT— a^p) 

> 0 / 

Therefore 

8F3 < 0, (88) 

Also, by (81), 

hDf = 0 

and, as before, we obtain a contradiction that proves the lemma. 

Lemma 21 : TTc must hive b = c. 

Proof : We remark that 


b > 2p+r. 
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For, if not, a ^ 2 ( 7 + r, ^nd 

a/>+<7r ^ p(2or+r) + aT = a(2p+T)+pT ^ 
which is impossible. 

Also b ^ 2t+/), 

for if not, c> a > 2a + p, and cr+pcr > fca+pr, which is impossible. 

From b ^ 2r+p, ftcr+pr = CT+p<7, it follow's that c ^ 2cr+p. 

Therefore, since a + 6 = 2p+2<t+2t, we easily see that 

a < 2cr+T, h > 2p+T, 6 ^ 2t+p, c ^ 2cr+p. . . . . (89) 

Now' suppose b < c. Then for small 8c <0, Sa < 0, /' =/+8/ satisfies (47). 
Let 8c and 8a bo connected by 

(a8— t‘^)8c = 2(6cr+pT)8c7. . . . . . . (90) 

Then, by (90), 


(ab — T-)8(CT + pa-~6a — pT)=^ — [ab{b — p) — 2barT — 6x2 — pr^jStJ 

— 8a{6r(2a — 20 “ — r) — pT^}, since 6 ^ p + 2t, 
> — So(6 — p)t 2^ since a > o+r 


Consequently, 

Now 


where 


<P = 


> 0 . 


» v .=/; >/2 >/; . 

JV al 4 ^- 4:(ab-T^) ^ 4(ab-r"~)Dj 


a — T — a 


b b -2p 


— O — p c 


= (a6c + abp — 2ap2 — cr^ + 6 ot — 2poT — cipr — a6o) 

= a6 (c — o) + ap (6 — 2p — r) + t(6o 2po) 

= a6(c— <7)+ap(6— 2p— r) — pt(o+t), since 6o+pT = cr+po 

>0 

and 

80 = (a6 — t2)8c+(6t— 2pT— a6)8(j 
= 68 o(2o+t— a) 

< 0 , 

since So < 0 and a < 2o+t. 

Combining the above with 

82)/ = (a6 — t2)8c— 2{5o+pt)8o s= 0, 
we get a contradiction in the usual way and the lemma follows. 


(by (89)) 
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Lemma 22;: W e cannot have^b = c. 

Proof : Suppose b = c. ‘ Then o = t and o > 2a = 2t. As wo saw in Loniina 
21, 6 > 2p. Therefore, for small bp >0, Sa < 0, 8 t < 0 and Bp = —28a = —26r‘ 
the form /' =/+ 8/ satisfies (47). 

Since 

c(T+ST) + (/)-f8p)(a+8a)— 6(a+S^) — (p + Sp)(T-f 8r) = 0, 


it follows that 

=/3 =/2 >f 'i ■ 

Then, as in Lemma 16, equation (78), we get on writing b = c, a == t, 

8i^2 = (c— 6— ■2a+4:r— 2p)(CT+a/)— 2/3T— 6a)8/> 

= — 2/)(a+/) — 2T)(a— 2r)8p 

< 0 

and 

hDf ^ 8/D(CT+/)0' + 6cr+/3r — 2ap--2(rT) >0, 

and wo obtain in the usual way a contradietion that, proves the lemma. 

Since Lemmas 21 and 22 contradict each other, we achieve our object in this 
section, i.e. 

Lemma 23 : For an rn-form^ we cannot have 


fz — /a >/i- 


17. In this section our object is to prove that an mdorm cannot have 


or what is equivalent, 


/s =/i >/2» 


Cr+per = apH-ar > ftor+pr. 


(91) 


As usual, we assume the contrary, i.e. assume that the form /; (a, 6, c, p, a, r) 
is an m-form which satisfies (91). Then on this assumption prove a number of 
lemmas that lead to a contradiction. 


Lemma 24 : We must have one at least of the following : 

(i) 6 = 2p, 4 

(ii) b = and > . . . . . . (92) 

(iii) a+b = 2p+2a+2T. ) 

Proof: Suppose/ does not satisfy any of the relations (92), Then for 
small 86 > 0, 8p > 0, Sr > 0, /' =/+8/ satisfies (47). We can also show that 
a > 2TH-a, c > 2p+cr and then the proof of the lemma follows by applying a 
‘ cyclic permutation' twice* to the proof of Lemma 12 from (67) onwards or once 
to the proof of Lemma 19. 


* I.e., by replacing in the proof {x, y, z), (a, 6, c), (p, or, t), (/i, fn) and {F i, F^, F^) by 
(«, a?, y), (c, a, 6), (r, p, a), ^z) respectively. 
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Lemma 25 : We must have b ^ c. 
Proof : We first remark that from 


ap+ar = CT+por > 6(7+pT, a+6 ^ 2p+2a+2T, 

it is easy to deduce that 

a > 2a+T, ^^or+2T, C^2p+0'. 

Suppose b < 0. Then for small 8c <0, Sp < 0, /' =/+8/ satisfies (47). Let 
8c and 8p satisfy 

(ab — t2)8c = 2(ap4“0’T)8p. . . . . . . (93) 

Then 

(a6— -T- )8(cr+ pa— ap—crr) = — 8p[a6(a— a)— aT{2p+T) — or^ J 

^ — 8p{aT(26 — 2p— r)— ar^} 


and 


N<.)\v 


where 


> 0 , 


m 




f ^ //i/C-Jh ^ . f>{a-2 (j-T) ^ ^2 ^ 

^ 4"^ 4(ab-r^) i(ab-T'^)Df 



b 


a — 2a 
— a 


— a — p c 


= (a6c — abp — cr 2 — bar + apr 4 - aba — 2 par — 2ba^) 
= ab[c — p) + ba(a — r — 2a) + T(ap — ct — 2pa) 

= ab{c— p)’\-ba{a — r — 2a) — Ta(p+T) 

>0 


since c>p+T, 6>p+T, a > 2a4-T. 
Again 


80 = [ah — t2)8c 4-( — a^+ar — 2aT)8p 

= — a(6— T— 2p)8p. 


Since bj^c, Lemma 24 gives 

either 6 = 2p or a+6 = 2p+2a+2T, 

so that in both cases since a > 2a4-T, we have h < 2p+T. Consequently, 

80 <0. 

Combined with 

8Z>/ = 0, 

the above gives a contradiction in the usual way and the lemma follows. 



R. P. BAMBAH: on LATl'ICE COVEUrNGS BY SPHERES 


49 


Lemma 2(f : Wer cannot Jtav^ b = c. 

Proof : We first observe that 

CT-{-po = ap+orr . . . . , , . . (94) 

implies that r ^ p. Also wo have seen in the beginning of lAnnma. 25 that 

a = 2T+a+i, c =;,2/) + (7 4 A:', (95) 

with i ^ 0, ^ 0. Substituting from (95) in (94), wo have 

pic = tIc\ 

and since r ^ p, it follows that 

Ic (90) 

Now 8ii[)pose / satisfies the condition 

b = c. 

As a > 2a+T > 2 c 7, it is clear that for small 8(7 > 0, (Sr < 0, 8p < 0, 8 (t = 
- 26t = -28p, /' =/+ 3/ satisfies (47). 

Now 

c(T + ST) + (p + Sp)((T+Sp)--a(p + Sp) — (a+S(/)(T + dT) 

= |3c/[{tt — (2 t+(j)) — {e— (2p+a) ) J 
= h6(y[k — k') 

therefore, 

Since 

\J)f . /] = = abc{Ea--2Ep) — 27a‘^p“ + 2i76c(7T— 4i;caT+46a‘‘^r 

+ \ct^q — 4apoT — 4(7“t‘^, * 
it follows, on putting hr = hp = —ISa, that 

SF I = ha[ap — bo — cr+2aT)(a+26 — c — 4x4* ^o-). 

On putting c = ft and ap—cr=^ po—or^ we get 

hFi = — §a(a+ft + 2c7 — 4T)(ft — p — t)o <, 0. 

Oe>mbining the above with 

8D/ = Sa (ap+«yT+CT+p<^ — 2ftcr — 2pr) > 0, 

we get a contradiction which proves the lemma. 

Since Lemmas 26 and 26 contradict each other wo obtain 

Lemma 27 : An m-form cannot have 

/s =/i ^/2 • 

18. It follows from the discussion in § 14~§ 17 that if/= (a, ft, c, p, a, r) is an 
m-form, then we must have 

ap+(7T = fta-f-pr = Cr^rp^ • • ' * ' * * 
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It is easy to prove witli the help of a+6 ^ 2p*4'2a4-2T, c ^ 6 ^ a, that 

^ + 6 ^ 2p + T, a ^ 2 t+o’ . . .. •• (9^) 

W(^ suppoat; / is an m-fonn. Then 

Lemma 28 : a+h = 2p+2c;4-2T . 

Proof : Suppose a + 6 > 2p + 2or-f'ZT. Then 

a > 2<7 +t, 6 > 2p+T, 

and for small 8c > 0, 8p > 0, 8or > 0, the fonh /' = /+S/ satisfies conditions (77). 
Now let 8c, 8p, 8(j satisfy the iclaiions 

ia — r) 8p = (6 — r) 8(j . . . . . . . . (99) 

and * 

^{ah — T-) he — 'l{ba-\-pT) (hp-j-ha) . . . . . . . (100) 

Thtai, usini4 (99) and (100), 

(ab-~-T'^^) {a — r) 8 { (ap + ar) — (cT+po")} 

= [db — r^) (a — r) I (a — a) 8p-j’(T — p) ha — rSc) 

= (a8— r‘^) {{a— a) (6 — t) + (t— p) (a — r)] ha 
~T {2(8a+pT) (a + 6 — 2 t) ) 8a 

= ha ( (a/> — — 2(a8 — T“) (ap— pr)--2T(/;(j + p^) {n + 8 — 2 t) } 

(silicic (tp — pT = 8a — ar) 

= 8a { (a8 — — 2(«8--t“) {ap— pr)--2T[bcf pj) [a-\-b — 2T) 

+ 2r“(ap + cr7- — 8a — pr) } 


= ha |(8 — 2p — t) (a“8 — ar“—28aT) + T(n--2a-~T) (a8-~T2 + 28p) } 

> 0 , 

Also 

a(p4’tV) + (*^4-Sa)r — 8(a-f-8a) — (p + 8p)T = 0 . 

Tlierofore, 

=/'i >/'3. 

KopoatiuLc tlio proof of Li^mina 12 from (67) onwards we get a contradiction 
which proves the lemma. 

From Lemma 28 it follows that 


a = 2a + T, 8=2p + T. 
Consequently from (97) we get 

c = p+a+ — . 

T 

4B 


.. ( 101 ) 

.. ( 102 ) 
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and 


We now oWrve that any fonn/= (a, c. p, a, r) which satisfiea (101), (102), 


p ^ or ^ T > 0 


.. (103) 


automatically satisfies conditions (47). Consequently we can say tluit tn-forina are' 
those forms which satisfy (ipl)~(103) and for which mjjD^ is luinimum. 

In other words, wo can define m-forms in •terms of arts of real numbers p, or, t 
which satisfy (103) and for which tlie expression FjiD^ with F and D as defined 
below, takes its minimum value. 


and 


= ahc{Ea — 2Ep)--Ea^p--\-2EhcaT — \ah pa+ lpa (Afp + ta — rr)— 4p‘-cT- 


= (ap-f-6or— cr)‘’ + 4p(J (ap + 6a— cr) — 4p‘“V“ 

= (2or+T) (2p + T) ^p + (7 + ^J^ — p-CT“ 

= 2T{p + CT)® + 72(p4-o')" + 8p(/(p + or)- + (p + ty) ^2pffr4- - ^ ^ + 


4p^a^ 

.. (104) 


D = ahc — 2par — ap- — 6a® — Ct^ 

= ;{T(p+a)+2p<T}‘-i (105) 


We sliall now refer to the sets p, a, r corresponding to tlu^ m-forms as 7a-8(4/S. 
Lemma 29 : For an m-set p = a . 

Proof : Suppose p > a . 

Then for small 8p < 0, (Sa > 0, the s(‘t p + 8p, a+Sa, r satisfies (103). Let 
Sp and Sa satisfy 

(2a+T) 8p = ~(2p+T) 8a . (106) 

Then 

(2a -fr) 8jP = Sa I l2T(p + a)- (a— p)+4t 2 (p+a) (a—p)4-32pa (p + o) (a— p) 

--8(p + a)2 (a— p)T + 2(a--'p) ^2paT4 ^ ^ +2(p-fa) (p^a)?^ 

12p2a2 ) 

+ 20(p+a) pa (p— or)4 — (p — ct) ^ 

= (a-p)^12p2a+12p<72+4p2T+4fr2T + 12paT+2pT2+2(7T24- 

< 0 , 

and 

87) = 0, 

so that the set p+8p, a+8a, t has a smaller F/iD* wiiich is a contradiction that 
proves the lemma. 
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After the last lemma wc can say that the only wi-sets are p, p, r for which 
./)/t is the value of x in tlu' raiiirc a: ^ 1, where 

20 d 5 4 p'' 

16 p 3 T + 4 pV + 32 pHV ’-+— -+ -"2 


4 (p+t)2 


_ 4:gH20.c H3234+20xH if 
4 j4x2(T^-x)2) •• 

_ 1 xH3x-|-1 
4t ’ xt(l +xj* 

attains its minimum value. 

Dififorontiatint' lo^'aritlimically we have 

1 (lA _ 2.»'4:; _2_ 2 _ (x-l)(2.i'^+3.r+2) 

A ■ dx. ~ + I “ ;u- “ :{(I+J') “ 3x(x+l) (.(•'“+3x+ l) 

and it is easy to see that x = 1 ^dves tin; minitnuni. From tliis it follows tliat the 
only /ft-sets are p, p, p and tluTcfore the oidy m-forms are p{3, 3, 3, 1, I, 1) which 
eoinph'te.'J tlu; proof of tlie theorem. 

A lare(( part of th(' work on this paper was done during the tenure ol a senior 
H('8(^arcli Fellowship of the National Institute of Sciences of India, which is 
ff ratefully ackm jwledoed . 
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Introduction 

During tlio field season of 1952-53, two specimens of Glossopteris were coIIccHmI 
by one of us (T. Banerjei^) from e<Ttain slaty IhhIs in a road s(‘ction below Flat Two, 
in the Sela Sub-Agency, N,-E. Frontier, Assam. The prestmee of tlieso fronds 
firmly establislie.s the Ix)wtt Gondwana age of thesci sodimtuits, and this retrord now 
forms the ca-stemmost extent of this genus in the Indian sub-cfintinent/. A careful 
search of these slates (believed to the Damudas), further to the north-east, is likely 
to yield fruitful results. 


Geology 

In the submontane tracts of the Assam Himalaya lying immediately to the 
east of the Bhutan border, a strip of Darauda beds (Permian in age), nearly four 
miles in width, overlies the Upper Tertiary Tiparn rocks in an extensively inverted 
sequence with the Damudas apparently overlain by the older Dalings to the north. 
The beds strike parallel to the grain of the hill ranges and, as shown below, extenrl 
laterally as a more or less continuous formation along the foot of the Himalaya for 
considerable distances to the east and to the west, where similar rocks were pre- 
viously observed by Mallet (1874), La Touche (1885), Pilgrim (1906) and others. 

The area from where the fossils were obtained has been examined in recent 
years. The rocks comprise hard, gray, coarse, and pebbly to medium grained, well 
cemented, jointed and fractured quartzitic sandstones, inter-stratified with black 
carbonaceous slaty shales and thin coal seams. The beds have suffered much 
disturbance and have been somewhat metamorphosed. The sandstone is intimately 
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veined with quartz; thh coal has been rendered flaky and powdery and the beds 
sometimes show local acutely overturned folds. 

Description of Fossils 

Only two specimens wore obtained from the slaty shales in the Sela area, of 
which one is fairly W(‘ll preserved. The better preserved, but incomplete frond 
(Figs. I, lA), measures about 8-5 cm* in length, and it is at least 3 cm. broad with a 
ch^arly marked, comparatively thin, jKTsistent midrib from which bifurcating and 
fr(‘(4y anastomosing secondary veins arise at acute angles arching slightly outwards 
a short distance from the midrib. The tip of the leaf is not clearly seen, but it 
would apt)ear that it was somewhat blunt.* The base is not preserved. The 
Hcicondary veins are numerous, crowded, and more or less parallel with narrow^ 
elongate meshes which are longer near the midrib, but contracting towards the 
margin. 

In our opinion this spcadmen w'hi(‘h is undoubtedly a Glossopteris, may be accom- 
modated with som(5 hesitation in the species Olossopteris indica. Owing to its 
fragnuntary nature, we are at prescuit inclined to refer it as Glossopteris cf. G. indica. 

The second specimen figured her(‘ (Fig. 2) is a rather poorly preserved, com- 
paratively narrow frond about 2*5 (an. broarl and more than 10 cm. long. A distinct 
midrib is ])r(^seni.; the anastomosing secondary veins an? hardly visible; but there 
an? sufficient indications to justify its in(?lusion in Glossopteris, although spc'cific 
determination is difficult. It may probably belong to the same species as the one? 
d(?scril)ed above. 

Beyond indicating that the sediments are undoubtedly Ix)wer Gondwanas, 
the specimens are not lu'lpful for closer age determination. But the narrow strip 
of the Gondwanas of tlu^ north-(?ast Himalayan foot-hills, stretching more or less 
continuously from Abor Hills in the east to Nepal, and further to the wa?st, are 
gen(?rally believed to b(‘ (he Damudas. 

Gondwana Sediments in other parts of North-Eastern India 

Opportunify is taken to revi(?w^ briefly our knowledge of the known fresh-water 
Gondwana sediments and the inarini? intercalations in Assam and the adjoining 
territori(‘S in north-eastern India the distribution of which is of importance in 
Gondwana palaeogeography. 

D(trj(;v.lin(j Area.- - i\i Pankabari, on the Darjeeling Gondwanas, Hooker (1854) 
and Mallet (1874) r(*ported the occurrence of Glossopteris sp., Vertebraria indica, 
PhyUoihcca sp. and Sphcnophi/llum speciosum. The Low^er Gondw\anas in this area 
are composed mostly of highly disturbed and crushed, grayish, massive-bedded, 
telspathic, and occasionally calcareous sandstones and sandy micaceous shales 
which are sometimes carbonaceous with occasional coal seams (Mallet, 1877; Bose, 
1890; Ray, 1947). A glacial boulder bed has been reported, by Fox (1934, p. 9) 
and Auden (1935) above Tindharia station occupying a position at the base of the 
Gondwanas. This discovery, according to Fox (1934, p. 9), has rendered uncertain 
the correlation of the Darjeeling and the Eastern Himalayan Gondwanas with the 
Raniganj and he suggests the possibility of the Himalayan Gondwanas belonging 
to the Barakars. As shown elsewhere in this paper, the question of their age cannot 
bo considered as settled and needs careful re-examination. 

Sediments believed to be the Damudas have been recognized in a narrow, 
more or less continuous belt further to the east of Darjeeling up to the region of the 
Abor Hills; but till now^ undoubted plant fossils have not been found in these 
sediments. TJio present discovery is therefore of some significance. 

Sikkim. — Quite recently G. N. Dutt and S. N, Sen of the Geological Survey of 
India, located plant-bearing Gondw^ana beiis in the Rangit valley in Western Sikkim, 
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situated some distance to the north of the fossil locality Panlcabari in the Darjeeling 
area. The poorly preserved plant remains wvre collected by Dutt from a locality , 
about two miles w^t of Asangthang fn)in slightly altered sandstones a few hundred 
feet above certain ‘pebble beds’ (believed to bo the equivalents of the Talchir 
boulder bed) which, apparently, occupy a basal position in the series and are well 
developed near Khandosanmhu and Khemgaon. The plants ineludi^ Schizoneura, 
VeiiA^rariu indica and a dtRibtful Glossopfcris {1 Gangarnopteris). Sen’s speeiinons 
come from a locality about two miles north-eaSt of tlie junctn)u of tlu‘. Rangit and 
the Roathak Khola, north of Nava Bazar, and im ludc an imp(*rf(M*t speciiiUMi of 
Glossopteris, probably 0, indica. These recent fossil iinds in Wi^hUtu Sikkim 
conclusively prove that this series of sediments (at one t ime thought to b(i a part 
of the Dalings), occurring isolated from the (fondwana- ( xposures of scmtluTii 
foot-hills of the Darjeeling Himalaya, is also undoubt ('dly l^owor (londwatia. 

The Gimdwanas are i)articularly wvW exposcai in the form of a ‘window* in 
the Rangit valley, 12 miles north of Darjet'ling ((hiosb, 11)52, 1953) and contain 
a few thin seams of semi-anthracitic coal (see also l^a, Touebc, IDlt); Malic*! , 1874). 
The sediments which have been traced for about 14 mih's along the bridles path 
from Naya Bazar nearly to the base of the rlesca^nt from Uinebinpong, consist 
mainly of grey, gritty and felspathic; sandston(\s and carbonac(H)us slaters ‘and have 

at their base tillite and varved slatt‘s ’ ((diosh, 1952). Tlic tillite nM‘alls the 

glacial boLildiT bed of the Himalayan foot-hills nqxaliMl by Fox (1934. p. 9) and 
Auden (1935) at Tindharia, in the Darjei'Iing foot-liills, and the pi‘bblo beds noticed 
at till! base of the Gondwanas in the Lish valhy south >»f Kalimf)ong, tlu^ Balipara 
frontier area, the Abor Hills and in tlu^ Kosi vaJh‘y in N(q>al. 1’he La, chi ])(dn)le 
})(m 1 of North Sikkim numtiorusl b(*low may also rcpresi'nt a cont(un])ora,iuM>us 
stratigraphieal horizon of glacial origin. 

North of Namchi near Khemgaon in W. Sikkim, A. M. N. (Jhosli (1952, 1963) 
and T. Bancriee found Spirifer (? Neosplrift r (*f. mx)omkhmh.nMH) and fragnuaits of 
oth(‘r ‘Permo-Carboniferous’ marine braehiopods and bivalves in a looser block, 
(jr. N. Dutt informs us that he re-visihsl tlie ar(*a and locfited tlu^. source bed of 
the fossilif(Tous rocks, and in exposures of thesis marine Ixjds b(dw(;eai the Tista 
and the Rangit rivers, he collected many more fossils including, 8pe<h‘H of Sp!nfcr 
(? Neospirifer), Producius, Fenesiella (? FeneMreMwa), etc. 

Wager (1939) collected Carboniferous and Permian nutrim^ shells from tlio 
Lachi ridge in N. Sikkim. Based on the study of theses lossils Muir-Wood and 
Oakley (1941) have recognised two fossiliferous horizons, namely, a M.iddl(> or Upper 
Carboniferous consisting of limestones and shales and an Upper PiTmian * mostly 
of sandstones. The former contain Prodvdus sp., Athipis sp., Spirigerdla sp., 
Siraparolliis sp., and Ellipselli 2 )Sopa sp. In the UjifXir J\*rmian horizon of fossili- 
ferous sarulstones were recognised Waagenoconcha purdoni (I)av.), Cdm/irotaachia sp., 
UncinuneUina jabiensis (Waag.), Syringothyris lydekkeri (Diem.), Batosiorndla sp., 
Fenestrellina aff. fossula (Ixins.), Nuculana sp., Parallelodon afl. lenuidruilum (Meek 
and Worthen), Pleurophorus sp., Aviculopecten hyenmlis (Salt.), A. aff. hninsculua 
(Dana) and Pleurotomaria aff. orientalis (Roem.). Between these two fossiliferous 
horizons occur certain ‘pebble beds’ about 600 ft. in thickness. I he pebble bed 
is a grit composed of ungraded angular quartz grains and felspar set in a very lino 
paste of quartz and mica with sparsely scattered pebbles consisting of dark quartzito 
and pinkish limestone. The beds are suspected to be the equivalents of the up^^r- 
most Carboniferous Talchir boulder bed of the Peninsula and the Blaini boulder bed 
of the Simla region (Muir-Wood and Oakley, 1941 ; Auden, 1936). 

There is also a slightly higher horizon in the sandstones overlymg the pebble 
beds’, containing Orthotetid, Ghonetes wageri Muir- Wood, Didyocloaius d. graXwaua 
(Waag.), D. cf. subcostatTis (Waag.), Linoproductus cf. cora (d’Orb.), Margtntfera 


♦ The possibility of this horizon being Lower Permian should also be borne in mind. 
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himahnjemU Dkm., Ptistula sp., Neospirifer mooaakhailerms (Dav.), Spiriferdla 
rajah (Salt^^r), Goniocladia sp. and Rhombopora cf. circKmcincta Ticed. 

According to Muir- Wood and Oakley (1941, p. 66) the two upper Lachi fossil 
beds overlying the glacial ‘pebble beds’ are of ‘Upi)er Permian, Kazanian age 
(= Produetnw shah^B and Zcwan beds)’. The underlying lower fossiliferous bed, in 
thf^ir vi<*w, would be Middle or Upp<T Carboniferous and ma\’' belong to the Mount 
Everest Linu‘ston<‘, The Lower Permian is probably missing in this sequence. 

Suhanmri Gorge .. — The above oclunences of marine fossils at the base of the 
Oondwfina in Sikkim rct^alls Maclaren’s (1904) find of boulders of fossiliferous Permo- 
Carl)onif('rouH limestoru* at the mouth of the Subansiri gorge about 350 miles to the 
wt^st of thf^ above locality. About 20 boulders and pttbbles of fossiliferous limestone, 
some an‘na(‘eous and the others argillaceous, vVf;re picked up by him, and these 
re.veak^d the following genera and H}K^cies (Diener, 1905): — from the arenaceous 
linu’stone boulders: ProductuH cf. pvstulosus Phill., Spirifer sp., Spiriferina sp., 
Rpticnlaria cf. inmiquilaieralis Gemm., Diela.sma aff. uralica Krot., D. aff. hiflex 
Waag., Diflasma sp.; from the hard, bluish argillaceous limestone boulders: Chonetes 
t*f. carhonifera Ki^ys,, Mylina sp., Monopleria foihansirica Dien., Laxonerna sp., 
Plenrotornaria aff., pvnjahica Waag., Jhilprophon sp., FenesteJla sp. and impressions 
of (/Vinoidea. Aceording t(» Diener these fos.sils recall the Killing shales of Lilang 
and Spiii wliieh are giaierally rich in (^hoveies carhonifera. Maelaren correlated this 
horizon with the D>w(‘r Produetus limi^stxino of the Salt Range and suggested a 
close conncf‘tion with similar b(‘ds in Sfiiii and China, and ‘possibl}^ of Tenasserim 
and Southern Shan State’s’. Muir-Wood and Oakley (1941), however, correlate 
th(’ fauna with that of tlu^ Upp<ir Produetus limestone. The (‘orrect horizon needs 
future viTifieation. 

Although tlie sp(U‘imens witc not obtained from beds in situ, there is not much 
doubt, ‘from the lithological characters of th(' boulders, that they could not have 
travelled for any great distances’ (Holland, 1905). Maelaren (1904) himself suggested 
that thc^ locus may possibly be looked for at the base of the Damuda series ‘at no 
very gn’at distance from tlu^ Assam filain’. Alteniatively, lie suggested that the 
original b('ds might occur at the edge of the Tibetan plateau. But from the nature 
of the boulders which v\c havii examined, it appears to us that the fimt suggestion 
is more plausible’. In rc’cent years B. Laskar of the Geological Survey of India 
again found two or tlirc'i^ boulders from the Suban.siri, composed of hard, bluish, 
argillaci’ous linu’stone in which the only fossil kkmtifiable was a poorly preserved 
Chondis c*f. carhonifira Keys, It is, therefore, of prime importance to search for 
the original beds from which tlu’se boulders have been derived, most iirobably at 
no great distam’c from the belt of Tertiary sediments.’** 

Abor //?7Z.s’.~- Rolled limestone bouldca's which are slightly arenaceous con- 
taining badly ])res('rved crinoid (ossicles have also been repoited in the upper course 
of the Sireng river in the Abor Hills (Coggin Brown, 1912). ‘These rocks undoubtedly 
Ix’Iong to the base of the Gondwana series, and must occur somewhere in the steep 
jungle-covered ravine slopes of the upper Sireng’ (Coggin Browfn, 1912). According 
to Muir- Wood and Oakley (1941, p. 60) the Subansiri fauna and the Abor Hills 
marine limestone boulders with the poorly preserved fossils providing very meagre 
data for correlation, may be of the same age as the upper Lachi fossil horizons 
overlying the glacial ‘|x>bble beds’. The fossiliferous beds of the Rangit-Tista area 
in south-western Sikkim may also be of the same age (Upper Permian). 

With regard to the fresh- water sediments in the Abor Hills, near Rammidumbang 
contorted black carbonaceous shales (coaly in places), believed to belong to the Lower 


♦ Early in 1053, Laskar again visited the area and he informs us that he located the bed 
composed of the hard, bluish, fossiliferous limestone in the Ranganadi basin, about 20 miles 
soutli-west of the Subansiri (Macli^ren’s locality) and only a few hundred feet from the Tertiary 
l>elt lying to the south. 
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Gondwana, have been recognised. Hard, white sandstoneb, contorted grey slates 
and reddish brown shales are well exposed in the Sirpu stream. There are also, 
quartzites, carbonaceous shales interbedded with quartzites, and a 4'-5' thick coal 
se^im. Gondwanas are also exjK)sed in the upper Sireng valley to the south-w^est 
of Kalak where sandstones and shales are prominent. 

Bhutan , — In Bhutan (IJilgrim, 1906; 1906a) the Gondwaniis are well exposed 
in the Kala Pani where sof/ sandstones interbedded with crushed coal seams occur. 
The iipi^t^r bands of sandstone are quartzitic with thin intiT calations of carbonaceous 
shales. Similar sediments also occur in the Bor Naddi, 12 miles to the west and in 
the Nunai Naddi, four mileato the e^ist. 

Aka Hills. — I.»a Touche (18vS5) recognised I^iowcr Gondwana sediments in tlie 
Aka Hills in the Low^er Himalaya^ t<# the north of Tezpiir in Assam. The geological 
features are similar to those of the Gondwanas in Sikkim to the west and the Daphla 
to the oivst. 

In the upper waters of the Bhareli river, Damuda rocks are found as narrow 
contorted bands of hard quartzitic sandstones intorst ratified wuth carbonaceous 
shales and seams of coal, dipping at high angles to the south. 

Dikrang Valley . — Further eiist on the Dikrang rivc^r, south- west of the Subansiri 
and the Ranganadi, are found clay shales, often carbona(eous and interstrati tied 
with thin bands of sandstoru^ The earbonac(H)us sliale^ occasionally piuss into a 
crushed splintery coal.* 

(iaro Hills and ITrijntra . — The only other undoubted ocournaice of fx)wer 
Gondwana sediments in the north-eastern parts of India, is in the weskTn extremity 
of the- (Jaro Hills at Singrirnari where Fox (1934, p. 29) discovered a small patch of 
earbomu^eous shal(‘s containing s}x*cimens of Vertehraria indicM. 

In 1952, 8. N. Sen of the Gwlogical Survey of India liamlod over two syx'-cimens 
of ])lant irnpn'ssions on carbonaceous shales from Tripura State whi(;h proved to be 
Vertehraria indira. But the^ true provenance of these undoubted Vertehraria requires 
eonfirmaf-ion before anything further could bo stated on the significance of tho 
occurrence of Gondwana sediments so far east in a major basin of Tertiary sodiments. 

Conclusions 

The distribution of the fresh-water Gondwana sixliments with the marine 
Permo-Carboniferous deposits at the base in the eastern Himalayan region, although 
still not fully known, gives us some idea of the trend of the northern coast lino of 
Gondwanaland. Holland (1906, p. 135) expressed the opinion that ‘the Crystalline 
axis of the Himalayas has been a long persistent larul-mark in the physical history 
of Central Asia, marking approximately the northern boundary lino of tho great 
Gondwana continent, and forming the southern shore of the . . . Tethys \ While 
it may be partly true, it should be remembered that the ‘Crystalline axis* or tho 
‘Oxitral gneiss’ of the Himalaya, is apparently a mixture of rocks of different ages, 
mainly granitic in copiposition, some of them pre-Tertiary and some Tertiary in ago. 

In the Lachi area in North Sikkim, as shown above, there was a marine phase 
in the Middle or Upper Carboniferous times. This sea did not apparently reach 
the Darjeeling-Subansiri-Abor Hills region in the Himalayan foot-hills. But it 
should be remembered that we have as yet no satisfactory data available indicating 
the definite age of the Dalings or the Baxas. Parts of the Carboniferous might be 
represented by the former. But it is not unreasonable to hope for future dis- 


• The marine fossiliferous band recently located by B. Lcuskar in the Ranganadi (verbal 
communication), may most probably extend south-eastwards in the vicinity of the Dikrang 
valley and should also be searched further south-westwards at the base of the Gondwaniw. It is 
most likely that this marine band may be traced from Abor Hills (where fossiliferous limestone 
boulders have been found in the upper Sireng valley), to the Dikmng and perhaps even further 
westwards along the foot-hills within a short distance of the Tertiary sediments. 
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CO varies of organic remains which may throw consMerable light on the age and the 
‘palacogeography of these regions. 

Tlio later retreat of the Middle or Upper Carboniferous sea northwards was 
followed by the spread of ice-sheets during the uppermost Carboniferous. The 
extension of the Goridwana ice-sheet from the south as far north as, and probably 
beyond, Lachi is suggested by the glacial bed (‘pebbly bed’) in northern Sikkim. 
'Th(i tillik^s with varved slakes in Wesk‘rn Sikkim (Ghosh, 1952) clearly suggest 
glacaal (conditions on land, for varv^ed clays are seldom, if at ail, formed by the 
aeti(in of ic(5 drifting into shallow seas from glaciated continental margin. It wDuld 
therefore appe^ar that Gondwanaland extended over most of Nepal, Sikkim, Bhutan 
and to the north of the Dafla and Abor Hills. If we accept the view’s of Muir-Wood 
and Oakley, tlio Ix)wcr Permian in the north -(task^rn parts of India is apparently 
not represented due to non -deposition, unless, of course, parts of the Baxas are 
proved to occupy that position. During tlie Upper Permian, shallow marine 
(xmditions again prevailed in most parts of Sikkim extending westward to Kiimaon, 
Garhwal and Kashmir, and eastward up to the Subansiri river and Abor Hills 
regions lying to the south of the ‘Crystalline complex’. 

It is possible, as Fox (1084, p. ii) has staked, that the Gondwana sediments wore 
deposited widely over north-weskan Assam and north-eask‘rn Bengal as part of 
the Damudas of the Bengal and Bihar eoaKu^ds, and the present discontinuity is 
due to ‘dislocations by faulting and mountain uplift and to enormous erosioms of 
exposed surfaces since the close of the Pahunzoic era’. ‘Furthermore, there are 
now eoge^rit reasons f(jr believing that a lim^ of faulting trends up tlie Bralimapiitra 
side of the alluvium from the; delta, above Barisal NNW into Cooeh Bcdiar towards 
the western border of Bhutan. The upthrow side of the fault is the Garo Hills of 
Assam (where a small patch of Lower (Joiidwana sediments is soon in the western 
extremity), so that the rnovenunts knd to drop the coal measurers, if any (hc'tw'oen 
the Garo Hills and tlu^ Ihngal-Bihar coal measures) deeper under thc^ alluvium’ 
(Fox, 1984, p. 30). Mallet (IH74, pp. 32-38) lias also siiggi'sted that the eoal-hiMring 
Damudas may underlie the alluvium betwTen the Darjeeling Himalaya and the 
Bajmahal Hills. In the Brahmaputra Valley, in northern Assam, the evidence of 
gneissic inliers and other factors suggests probable severe overthrusting in the 
Himalayan re^gion and extensive erosion of tlic areas to the south of it before the 
Gangetic alluvium was laid down, so that except close to the Himalayan foot-hills 
in the valley wliere th(^ thi(‘kness of the alluvium is likely to bo great, the Gondw^anas 
are not likely to bo present. 

The Gondw^ana sediments in Sikkim and the southern foot-hills of the Himalaya, 
as mentioned above, an'- believed by some to lie Upper Permian, probably representing 
the upper part of the Damudas; but Glossoptrris and certain other elements of the 
Gondwana flora (Noeggerathiopsis hislopi, Palaeovittaria knrzi, etc.) have been 
reported to occur in younger rocks ( ? Rliaetic) in Tongkin beyond the Shan States 
(Zoiller, 1903), and if this is correct their likely path of castw^ard migration across 
the marine barrier of the Tethys at some period before the end of the Triassic, 
probably by means of a land-bridge or an island chain, might have lain in the 
north-eastern parts of Assam, possibly in the vicinity of the north-eastern s\Titaxis 
and the adjoining territories to the north. Jongmans (1937, 1937a), Sahni (1938), 
Halle, Just (1952) and some others, however, believe that Zeiller’s Glossopteris from 
Tonkin may not be true Glossopteris and that the southern flora never invaded the 
Cathaysia flora (see also Holland, 1943-44). Nevertheless, some minor resemblances 
are there which demand an explanation. Detailed field investigations in the difficult 
parts of the country in N.E. India may throw some light on this aspect of Gondwana 
palaeogeography, in addition to bringing to light a more representative fossil flora 
from that region which may show the presence of eastern elements as well. 

In this comiection tlie discovery by Fox (1931, p. ii) in the lower Barakars 
(Lower Permian) of the Jharia coaffieW, of calamitean shoots which are closely 
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related to, if not identical with* Lobatannularia sp. (Kaw&aki, 1927; Halle, 1927; 
Seward, 1931, pp. 235, 236)* ch^iractc^i8tic of the I^wer Permian Shansi flora of. 
China (Upper Shdhhotse series), is of considerable interest. The Shansi flora, as in 
the case of the Russian Kusnezk flora both of whi .^h are essentially Permian, shows 
a large number of plants of Mesozoic tyjxj, and Lolxitannularia, among others in the 
Shansi flora, is of further significance as forming a connecting link, according to 
Seward (1931, p. 329), between the Pakieozoic and the Mesozoic floras. 

The Indian specimens occur in the floor fflialcs of the TX seam near Barwabera. 
This solitary report which has nearly been lost sight of in a largo memoir by Pox 
(1931), requires emphasis and a detailed illustrated account of these interesting 
sjiecimens is now under preparation by the senior author, who has recently re- 
examined the siiecimons. Althoi^gh this form is very ])oorly represented at the only 
locality known in India and no other forms characteristic of the eastern Permian 
flora have been found so far, it will, iK'Vcu’theless, be unwise not to bear in mind the 
possibility of intermigration lietweon the Chinese Shansi flora (Gigantopteris flora) 
and the Indian Gondwana flora across the marine barrier. Kvidencx) at present 
available is no doubt too meagre to draw far reaching (H)nclnsions. It is all the 
more impf)rtant, therefore, to search for ])ossible traces of the ciistcrn Shansi flora 
in the Gondwana sediments particularly of the north -('astern parts of India which 
probably lay in the path of migration. Hsii (1952, p. 200) considers it hardly 
poasible that there w^as an early Permian land connection between Ck)ndwanalaiKl 
and Cathay sia, but the possibility of such a connection should not be easily dis- 
oank'd on grounds which are not entirely (‘.onvimang. 

A noteworthy feature of tlu^ generally metamorphosed Gond'.vana sediments 
of the Himalayan region in North-East Iialia, is the rarity of fossil finds. While a 
careful s(\arcli may bring to light megafossil impressions in more satisfactory 
nund)ers, it is most unlikely that nuerofossils like spores may bo met with in alt/crod 
s(Mlimonts, as these microscopic remnants of actual cutinuus vegetable substance 
(and not impressions or casts) are usually destroyed by metamorphisni because they 
are generally smaller than the average size of the newly formed minerals and have 
a tendency to volatilise easily during the process of sediment alteration. Numerous 
sampkis of somewhat metamorphosed Gondwana rocks including coal have been 
examined in the Survey laboratories during the past few years without satisfactory 
results. But we could certainly expect future finds of megafossils in the Himalayan 
Gondw anas w hich w^ere deposited in the marginal areas of the ancient continent and 
have not suffered a liigh metaraorpliism. 

Digressing from the main topic of this paper, it is suggested that search should 
also be made for traces of organic matter {a) in the metamorphosed Dalings 
(Nepal, Sikkim and Darjeeling areas), consisting predominantly of slates and 
phyllites passing into mica-schists where they merge with the Darjeeling gnoifis ; 
(b) the Baxas (Bhutan area), mostly composed of slates, phyllites, quartzites, mica- 
schists, limestones and dolomites ; (c) and other argillaceous schists and gneisses 
of the Himalayan region in the north-eastern parts of India, where they all 
apparently overlie the Gondwanas in inverted sequence. Although their respective 
ages have not been proved, it has been suggested by Wager (1939) that the Dalings, 
once a thick dominantly argillaceous deposit, now largely chlorite schists, may be 
Carboniferous or somewhat earlier in age, while the Baxas may represent 
metamorphosed ?(Permo-) Carboniferous sediments. 

We may also recall the independent suggestion put forward by Auden, and 
Heron (Auden, 1935, p. 162) that ‘ the pelitic component of the Darjeeling gneiss 
may be the same as the Daling series ... If the above correlations are correct 
this would mean that the sedimentary part of Darjeeling gneiss is the same ae 
the Mount Everest pelitic series ' (Carboi^erous or somewhat earlier) (Wager, 1939, 
p. 186). Ray (1935, pp. 29, 41, 44; 1947) also thinks that the Darjeeling gneiss 
and the Daling series may represent different metamorphic facies of one continuous 
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oedimentfiry succession, and suggests the ‘ increasing possibility ’ of the Dalings and 
the Darjeeling gneiss being Palaeozoic. That the Gondwanas and the Dalings may 
perhaps be considered as constituting one continuous formation showing different 
grades of metamorphism is also suspected by him (Ray, 1947, p. 118). This 
suggestion hits been questioned by Ghosh (1952, p. 197). However, it should be 
remembered that some of the sediments in Western Sikkim previously referred to 
the Da ling series, ha ve now been proved to be Gondwanas. 

How(5V(t shapeless one’s pn^sent tdcas may be on the age of the Dalings and 
ihe Baxas, the important point is to remember that organic remains have been 
i'ound in th(‘. past in highly altered Palaeozoic and later sediments, and if Wager’s 
suggestion as to the ago of the above series is anywhere near the truth, a serious 
search for fossils in the metamorphic rocks of tlio Jlimalaya should be mad(^> which, 
if 8ucc(*.8sful, may help to fix their age with a greater degree of certainty, and will 
go a long way in understanding more fully the processes of metamorphism and the 
nature of deformation in the region of mijtamorphism in orogcuiic bedts. It may 
be of intfT(‘8t to recall that fossils such as the ammonite Ariatiiea have betm known 
to oc(‘ur in zoisitivbiotiie-schist (Liassic Biindner Schiefer, Switz(^rland), the 
lamellibranch Oryphea in marble (Bundiier Schiefer), the anthozoans Hahjsites and 
Famsitea in marble (Silurian, New Hampshire), the lamellibranch Cardinia in 
zoisite-garm^t-mica-schist (Biindner Schieft^r), the brachiopod Spirifer in quartz- 
y)lagiocla.HO-garnet>bi()tite-gn(dss (Silurian, New Hampshire), the lamellibranch 
Halohia in solid gariK^t rock (Triassic, Navada), etc. (Bucher, 1953). 

As BucIht (1953, p. 292) explains the preservation of fossils in such highly 
altered sc'dinunts, ‘ . typical metamorphic rocks, such as chlorite and mica 

schists, can form as a n'sult of re-crystallization alone, with or without introduction 
of atoms or ions, in th(^. presence of pressure differences that give direction to 
crystal growth, but nee d not producer differential movements. This do(\s not mean 
that in many, perhaps most, cas(‘s mechanical effects did not play a role also, at 
least on th<^ microscopic scale. But they are incidental, not essential to the 
])roduction of schistosity in metamorphism. That is why fossils arc not destroyed 
by medamorphism, provided they are much larger than the average size of the 
newly fornu d minerals.’ 

As regards the Dalings and the Baxas, however, the possibility should be 
boriK' in mind that parts of these wert‘. originally sediments which occupit d the 
dt'eper parts of the Himalayan geosyncline, and generally benthonic fossils are 
found to be rare in such sedirnciits. *A careful analysis, . . . loaves little doubt 
that, of all possible factors, considerable depth of water is the one that will re duce 
the benthonic fauna dravstioally, im matter what sediment accumulates on the sea 
floor.’ In such areas a marine depression of sufficient depth was produced to 
prevent the (occupation by a normal benthonic fauna. This aspect has also been 
discussed in some detail by one of us (Jacob, in the press) in a paper on the 
radiolarian cherts found associakod with ultramafics in the Andaman geosynclinal 
belt. However, attempts should be made to look for fossils in, the metamorphosed 
sediments in the Himalaya which, at first appearance, may be most unpromising. 
The extreme hardness of these rocks w^hich prevents easy accessibility to the 
usually poorly preserved and comparatively rare fossils in them and the general 
unpreparodness to expect remains in highly metamorphosed rocks, might have 
contributed, in part, to the scarcity of fossil finds in them. 

We are grateful to Dr. M. S. Krislman, Director, Geological Survey of India, 
for his valuable suggestions. 

Summary 

In this paper is described a few fronds of Qlossopteris recently found in the Sola Sub-Agency 
in the North-East Frontier tracts of Assam. The discovery conclusively proves that the fresh- 
water sediments which yielded these fossils undoubtedly belong to the Lower Gondwana. These 
sediments run in a more or less continuous belt along the foot-hills of the Himalaya from Nepal 
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to the Abor Hills io the otist. Gloissopteris and certain other genera were previously fiJtown 
from the Darjeeling area and th»j pr^ont record now forms the easternmost extent of this flon^ 
in the Indian sub-continent. 

Om: knowledge of tlie known fresh- water Gondwana sediments, and the marine intercala- 
tions, in Assam and the adjoining territories in north-eastern India, of importance in Gondwana 
palaeog(M)grajihy, is also rcniewod. The recent finds of Olossopteris, Schizoneura and Verteb- 
raria and an underlying marine Permian in the Kangit valley in Western Sikkim, and the 
location of a definite fosailiferc iis Permian bod in the Subansiri-Kangiuiadi area in the foot-hills 
of the Assam Himalaya are briefly mentioned. TJie age of the Gondwana sediments of the 
Himalayan region in the north ejtstern parts of India and the probable palaeogeographical 
conditions that prevailed at the time are also discussed. 
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.SOME INFINITE INTEGllALS INVOLVING BESSEL FUNCTIONS 
by C. B. Hatuik, Projetfsor of Mathematics, M.R. College, Udaipur. 
((’(imiruinicatcd by U. S. Varrna, F.N.I.) 

{Heceived January 10; read October I9oo) 

1. Tlie ol)j(^ct of iliis paper i.s to evaluate a few infinite integrals involving 
mo(lili(*d^ Bessel functions of tlie si^iond kind by the methods of Operational 
Calculus. Some of the results obtained are believed to be new and interesting. 

As usual, the notation <f) (/>) / (x) means that 

4>ip) = e- ' YW (Iv 

vvh(‘n (lu^ integral is convergent and Hi />)> t). 

W(' shall use th(‘ following 
'rUKOUKM. If 

a 

f(x) : and p^~-''e^ f(p) ^ g(x) 

th(*n 

Mp) == J + 1 2 ^ya(;>+a:j ) f/(a*) dx . , . . ( 1 ) 

provided that ij{x) = 0 (x^^) for small x, where It (/d> ~~1, and for largi' x, g(x) may 
utmost b(^ of the order of x'' i ) > th K(p)> 0, R(a)> 0. 

Proof, Since 

p--2V/(p) -(/(.•) 

and (McLaehlan and Humlieit, 1950, p. Hi) 

^ <J -V 

e *a; 2 v-i ^ 2p { '2.Ju(p+¥} } , R{k) > 0, R(a) > 0 

wo have, 0!i applying Parsoval-Goldstoiii thoorora (Goldstein, 1932) 

e-’^'fix) ilx = 2a*' j (x+k)-'’K.,^ ( 2s/ a (x+k ) ) g(x) dx. 

Hence, on replacing k by p, the theorem follows immediately. 

2. (i) Taking (MeLaehlan and Humbeit, 1950, p. 35) 

g{x) — x^^ Ix {2Jax) 

a 

==a*^p^^e^, R(h)> —I 
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we have 

f(x) = 

==r(2e-A-l)a‘S>-'^“-’' 

Applying tlie theorem w o get 

pi f A-2.' = J ^ (p+x)-*' (2 -Jax)K;y { 2 ■Ja[p+aj } dx . . (2)* 

valid, by A.C. (analytic continuation), for 7^(A)> — J, A — 1)> 0, | arg/; [ < tt, 

I arg a I < 7T, ut^O, p^O. 

(ii) Starting with (Mitra, 1933) 

<f,(p) = 2pK,, {^2p(t) U2pa) 

/a\ 

we have on term by tenn interpretation, 




iV+1) 


0^^ ( + ^ 


• -) 
’ 4/> V 


^ / 2v+,. 2.-+P + 1 

/V+ 1 ) e-^'+/.) 0^3 ^ - - ; • J 


= r/(.r), K(2r + ,i)>(). 
Hierefore, by the theorem, we luive 




('■'2!») = f j-+-|jr(27+7f J „ (!'+*)■ 

X „ 1 aViiTF*) 1 „f’, (^ + 1 , ?IL+!1, ?rht±.i . ,y 

valid, by A.C., for ^(2v+/a)> 0, | arj/p \<n,\ ar^a | < n, p^O, a?^0. 

Since 

ter.HJ^)+beiA-Jm = j ,y, (,+ 1, It? , ■' + • ; *■) 

we Have on taking v = I in (3), 

•^/i( *^2pa)/,j( 72^)0) = Jaj ^{p+x)'^ Ki \2Ja{p^x)\ 

X 1 ( ,y 2aa;) -f bei^^ {•J2ax) | dx 
where R{fj) > — 1 , | argp ) < w, f arg a | < t, p^O, a^O. 


(3) 


(4) 


( 5 ) 
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(iii) Next taking (AtcLachlan and Humbert, 1^50, p. 51) 

= 'iJa p'’^^ — <f>{p), Ii(p)> <>, 

we have 


fip) = w 




' ■ 2 Ini- 


r(-2m)(Ux)’'‘+* 


• m — k) r(k + 21^ + m — J) 

X + ; l+2m, ^* + 2^^+7;^— i ; aa:)| 

== (j{x), H‘k + 'lv±^m--l)'> Oand 2m not an integor. 

Tho Uiroroni Uu^n giv(‘H 

K ap) f ('p+xy'' K.^v { 2 Va(;> + :^ 0 } 


/: 

( v.' r{ — 2m 

I Z r(f-7n'-i)/’i 


27«)(ax) 


m + i 


-A;)/"(fc+2v + 7a-~ i) 

X iFoi^ + m — k; l+2m, 2v + k+ni—l ; ax)^dx . . 

valid, by A.C., for R(k + '2v :^tn— \)> i), |arg^>| < tt, [arga] < tt, ap^O, p^{), 

A few sp(;cial cases t)f (b) are worth mcaitioning : 

(а) When k = 7n f wv g(‘l 

KzJ^^s/ap) = j (p+x)-''x'’”'+-*'-i AV {2>ya(p+x) 1 dx. . 

R{m+v)> 0, largpl < tt, | argaj < tt, 

(б) If wo take v = and use the relation 

^J^.(2V2)= 2 A-r)2**'oA,(H-v;2) 

we have 


( 0 ) 


(7) 


( 8 ) 


», -V 




2 (ap)*-* 


/; 


(p + x)*“* X“*"i 


AJ— ^+w)r(J— t— m) J 0 

xAa*-! {2N/a(p+x)} ax)dx (9) 

^(i — 0, 1 argp I < 7T, I argo| < w, p?i0, a?£0. 

(c) Finally, wo take = 2«t+i Rud k = —m and use the relation 

2 r(p +!)/,.(--) Ay 2 ) = r{g) 1 +^,, • 2 *) 

+ (| 2 ) 2 Mr(-^) jFg ( 1 +;, ; 1 +^. 1 + 2 ;. ; 22 ) (IQ) 
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we then get 


/\ 2 m+^) J 


(p + X-) X 


{ 2 s/a(p+x)} I'2.m^‘^nx) {s^m’)d.r 

R(m}> — I argp 1 < tt, j urga. ( < n. p? 60 . aaiO. 

(iv) Now taking (Meijer, 1936, p. 18) 

= li(p) > 0, R(a} > 0, 


•• (>t) 


f ip) =p''""‘ W 


/'> /*\ p; 




J f r{-2p)(aj-f^^ 


1 + 2 / 1 , 4/1 + 2 1 ' ; ax) 


7 ’( 2 /i)(a.r)-'‘+i „ , ] 

+ r(i)7’(2/r+2.4 -V+-!- ;«■•<•) j 


= ;7(.r), 2?(/i+,-)>0, 7j>(2/i +r) >(»• 
vVpplyilig tlie theorem wo have 

/+’,<( = '/n p-f* (p+x)-’' 77^^ j2s/a,{p + x)} 

J 


( r(-2p)(axr 


^ I r('i- 2 p)r( 4 p+ 2 r) ^ 

+ nPiS) 2-+=^^ -“'I 


dx (12) 


' 7’(^)7’(2p + 2r) ' ' 

valid, by A.C., for 7?(p +x) > 0, 7?(2p + x) > 0, | argp ! < tt. | arg o | < tt, p?^0, 

In particular, taking 2/i+v = J and using (8), wo get 


KlJ^Jap) = (p+x) 2 ^-ix-'^-‘ 77 ,/i(^ 


X 7ir4/x-j {2ja(p+x)] dx .. . . (13) 

R{p)< h 1‘irgpl < IT, I argaf < n, p^O, a^O. 

On the other hand, if we take r = ^ — 3/x and use (10), we have 

“p) == — {p+xY^t^~i X - ^ 

< I, ( argp J < TT, f arg a j < TT, p 7^ 0, a 5*^ 0. 


5 
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(v) Next taking 1936, p. 19) 

27/'/2 /? K^+ii v/ ap)K^^\{\/ ap) 

^ 0 

= <f>{p), R(j>)>0, R{a)>0, 


wo hav(! 




Z lr(-p)r{h 




fl, ^ {I 

= (J(x), R(2u±ii+l) > 0. 
I Fence, hy t h(‘^ t heorem wo 




; \+'2fi, 2i' + fi + l ; ax) 


] 


F fi,^^{\/ap)K^c^^{\/ap) I (p+x)‘'^K2u^2\/a(p + x)^ 

^ /'( — //)7^j2r+/7+ 1 +-/^ + i ; a^)|d:r .. (15) 

/t, -/i 

valid, by A.O., for 

R(2i'±i.t + .J) > 0, I ar^ | I arg a | < 77, ;> 7^ 0, a ;z£: 0. 

(vi) Lastly, taking (Watson, 1944, p. 439) 

Of t-P 


/{■<■) = ’ e * K 

X 




4-- 2pK,,{-2 v/ ap) K,^{2\/jip) 

— <f>{p), R\a.) > 0, i?(j3) > 0, R{p) >0 

wo have, on taking a = ( V a+ V^)'^ i'> Ike theorem 


(v^ f 


'ij'xp 


p2-2Vg P /' 7,'^ 




-Va^ 




/o -/t 


by virtue of the relation 




iFi(a; 2a; 23) = c* oFi(a + J ; Jz®). .. 


•■ (16) 
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Oil finding the original funcl^on, we have 

^(x) = 1x2*'- • 2 j (^/i^x)'^F2(^^-^ ; LV + l, ; W^x) [ 

/J(2i/±/i) > 0. 


-/A 

Thus the theorem gives 


aQC 


2K^,{2\/a.p)K^{2'\/^p) = (V'a+V'^)'*' {p+^T'f^'‘^A'^{V<^+V^)Vp+r) 


'' 0 


/i, 

valid, by A.C., for 

R(2v±fi) > 0 , 1 argp j < jt, [ arga j < w, f ;irg)9 | < n, p y 6 (),ot.^ 0, pi 0. 

In particular, when v = J, this result simplifies wiili the help of the relations 


and 


to 


VS'" •• 

r'{l+z)r(l--z) = 7 T 8(‘C rrz 

\/nr{2z) = 2:^-^r{z)r{z+i) 


.. (18) 
.. ( 19 ) 
. ■ (20) 


A'j^(2\/ <x.p)Kii{2\/ Pp) = cos (ftTr) ipx+T^) '*e ® 

0 

X /v 2/1(4 v'^'X/ajS r)^!; .. .. .. (21) 

\ B(/^) I < i I argp) < TT, f arga) < tt, f arg0) < tt, p 7^ 0, a 7^ 0, /3 7^ 0. 

3. It is possible to transform the theorem into another form which involves 
Whittaker function. For example, if we use th(^ integral (Goldstein, 1932) 


2K^v{2y^x) = 

in (1), taking a = 1, we have 
<f>{p) = p 


iM 


( 22 ) 


/•TO 


(p+x)^-^-^g(x)dx 

0 

/»0O ^ 


C “ v}-^Wi,v{u)du 


0 


e “ i^v(u)du 




0 


on reversing the order of integration, a process which can easily be justified if, for 
small X, g(x) = o{od^) where i?(p) > —I, and g(x) = o{x^) for large x. 
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The result may then be stated in the followir^ form : If 


then 


where 


fix) <l>{p) and g(x) 


4,{p) = p 


-iu 


e u^‘'^Wi v (u) F(p, u) du 


F(p, u) = 


{p+x)^~^^^ e ^g(x) dx 


provided that the integrals are convergent. 

As an illustration, we take (McLaclilan and Humbert, 1950, p. 10) 

^ I 

f(x)—e *^***”“1 

'?-■ V v) = ^Hv) 

we then have 


I\'2v+7>i) 


g(x), Ji{-2v+m)>0 


and 


“ IV,+m 


(/>+•<•. " d-< 


*' (1 


( 23 ) 


7^(2;'+ w) > 0. 

on using the integral {Winttaker anil Watson, 1935, p. 340) 

<*(/+i)^e-*'d7 = r(a+l)f>'*2i(«-!-^) 

X -a). i(af^ I ^(«+ 1 )> 0 . 

On applying (23), we get 

■ -(-0. 


2ir.(2Vp) = P«"'-" 


u 




X W/, (?) dii (24) 


The restriction i?(2i^+m) > 0 may now be removed by A.C. When m = —2v, 
this yields (22). 

I am grateful to Dr. R. S. Varraa for his guidance and interest in the preparation 
of tliis paper. 
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(Communicated by K. R. Rao, F.N.L) 

(Received Avgust I ; read October 9, 1953) 

Lntkoduction 

During th(‘ (-ourse of an attt‘mj)t to excite the band spectrum of CbCl in a liigh 
fr(^(jU(‘ncy disdiargc^ through (/b{l 5 vapour, the author has obtain(‘d an extensive 
l)and spectrum of chlorine, part of which has been analysed and attributed to the 
inol(*(‘ule by Elliott and CairuTon (1937 and 1938). Of about 90 bands recorded 
by tliem in tlie visible regi(m, 45 bands were arranged into two sub-systems on the 
basis of a (;lectronic transition. Though they confess that their vibrational 

arrays of both the* systtuns w<‘r(‘ rather meagre, their assignment of vibrational 
quantum numb(as was (^xtcaisix (4y supported by the observed chlorine isotope 
effect in boih the systems. Further (confirmation of the vibrational assignment 
was obtained by the rotational aiialysis of some of the bands belonging to a common 
level in a progmssion. In conclusion, Elliott and CamcTon suggest that the re- 
maining unclassified bands might b(4ong to another doublet systcmi or that the 
whol(^ spectrum might ennsist of fmir sub-systiuns arising from a ^A— transition. 
In view of this, tlu^ author felt that tfiere is lu^tal for further invi^stigation on the 
emission spectrum of chlorine. 

DnSCHlCTlON AND ANAt.YSlS OF THE BANDS 

Owing to the free decomposition of the Cbd^ into free chlorine and other 
products, th(^ s(d-uj) of a high friHpu'ncy discharge through low-pressure vapour 
proved a suitable method of (‘xcitation. The spectrum was photographed both 
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20418-9 


19192-3 

18587-7 

5 

23457-7 

22820-5 

22180-2 

21659-0 


1 20320-8 



ti 

23967-1 

23327-7 

22094-0 ; 

1 

i 21440-4 

1 20827-9 



7 



23184-0 ; 

22550-9 

21930-2 


20713-5 


8 

24947-9 

24308-4 

1 





20595-0* 

0 


24788-3 

24148-2 


22893-7 




10 

258S3-6 

25242-2 

24000-6 

1 

1 

23354-7 





♦ Occurs twFe in the system. 


VOr . VV— No. I. 
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Table II 

IsotoiMc Separations of the new Cl^ bumis 




Wave- 

Cla^aifica- 

j 

j Isotopic 83paration8. 

.. _ 

number. 

tion. 


Obs. 

20509-2 
20514-7 i 

3. 3 

3-7 

5-5 

20596 0 

• 

• O 

2-7 

* 

21i:i2-6i 

21189-3 

3, 2 

4-0 

0-7 

213151 i 
21324 7 

1, 0 

7-1 

9-0 

21433 51 
21440-4 

0.4 

0-9 

0-9 

21919-9 i 
21930-2 

7 , 4 

12-7 

10-3 

22108-51 

22180-2 

5, 2 

17-3 

17-7 

22537-0 i 
22550-9 

7, 3 

20-9 

19-9 

22808-0 i 
22803-7 

9, 4 

23-5 

25-7 

23155-(»i 
23184 0 

7, 2 

29-3 

29-0 

23327-4 i 
23354-7 

10, 4 

28-3 

27-3 

23420-9 i 
23457-7 

5, 0 

34-7 

30-8 

24554-1 i 
24600-0 

10, 2 

45 1 

40-5 

24735-1 i 
24788-3 i 

9, 1 j 

48-7 

53-2 

25184-4 i 
25242-2 

10, 1 

53-0 

i 

57-8 


* Too small to bo moasurod aocurateJy. 


on a Fuess Glass Instrument and on the higher dispersion of a three prism Glass 
Littrow spectrograph. Plato 11(a) and JI(6) which are reproductions of i)lates taken 
on the latter, show the well-resolved rotational structure of most of the bands. 
For a detailed rotational analysis of the bands, still higher dispersion such as the 
first order of a 10 ft. grating is necessary. However, the dispersion of the Glass 
Littrow instrument was quite sufficient for a vibrational analysis of the bands. 

A close scrutiny of the reproductions shown here with those published by 
Elliott and Cameron (1937) revealed the existence of many bands newly obtained 
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hr’tlie prpsent invcBtigation. Owing to the fact that the development of the 
vibrational schemes given by them is rather mftagip, the author’s first attempt 
was to St!© wlnsthcr these new bands could form p.W of the two sub systems. It 
was found that 30 new bands could be fitted intty^he vibrational scheme of sub- 
system I as sliown in Table 1. Half of thc.se bands were due to the less abundant 
moUicule The correctmiss of the assignment is proved not only by the 

fit of the bancls in the band head formula.. 

V = 20797 3-f [572 a (e'-|- ^)-5-32 (a' + i)^-0 013 (r' + J)^] 

-[645'3 (t;''-l-i)-2-91(e"-f 

but idno by tb(^ extensive agr(‘enient between tiie calculated and o])S(Tved isotopic 
H(^[)arVions shown in Table 11. Some of the prominent isotopic pairs newly assigned 
w(*,ro sXpvvn in the n^product ions Il(tt) and 11(6). No new bands belonging to sub- 
system II were observed. 

"I’he intensity distribution in th(5 bands (including those analysed in the })resent 
work) on a scale of 10 is shown in Table III. It can bo seen that the distribution 
corres|)onds to a Franek-Condon parabola ty{)e to be exjiectcd for a sjstem with 
such values as given abovc^. 

Tabus 111 

Intensitif Distribution in Subsystem I 



For establishing the (electronic transition of both the sub-systems a detailed 
study of the rotational analysis of some of the new bands using the higher dispersion 
of a 10 ft. grating is Tua*essary. An attem])t should also be made to interpret the 
origin of the large number of unclassifuHl bands some of which are very intense. 
They may probably belong to the neutral molecule CI 2 . Fuither study of the 
siiectrum in the visible and the near infra-nal is still in progress. 

The emission spectrum of bromine was also photographed in the visible region 
and further study^ in the near infra-red is in progress. 

Abstract 

The emission spectrum of chlorine has been excited in a high frequency discharge tube 
containing a small quantity of CbCl 5 using a throe prism glass littrow spectrograph. An exami- 
nation of the spectrum revealed the existence of about 30 new bands attributable to Cl^ 
in addition to those reported earlier by Elliott luid Cameron. A vibrational analysis of these 
bands has shown that they belong to sub-system I of Cl^ bands analysed by them on the basis 

of a transition. About 15 bands have been newly classificKl, the remaining l.)eing the 

isotopic heads due to the lees abundant molecule 013*01®^ + . 
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\ 

Tho vibrational assignment of each one of the bands is well supported by the observtd 
isotope effect. . 

Further w’ork to know the origij of the remaining unclassified bands in the emission spectrum 
of chlorine is in progress. 
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Part I 

D’Alkmreht’s Paradox and its Resolution 
Si:r. A 


ht trod art ion 

J . A Brief Survey of the Problem 

D’AlenilKTt proved, as is well known, that when a perfect fluid flows past a 
solid body in potential motion the total pressure thrust of the fluid on the body 
(exeluding buoyancy) vanislu^s. In actual experience it has always been found 
that a body moving througli air or water does experience a resistance. The tr(‘at- 
ment of air and water as perfect fluids yielded, in Hydrostatics, results remarkably 
in accord with experience. The flow past solid bodies was actually observ(‘d to bo 
very larg<^ly a potential flow. It was therefore expected that the theory of potential 
flows should account for at least a major j)art of the resistance experienced by 
solids. D’Alembert’s results pointcnl to the contrary and were therefore regarded 
as paradoxical. They seemed to provide a proof of the inadequacy of the c^lassical 
theory of fluid flows. (Durand, 1935; Goldstein, 1938; Prandtl-Tietjeiis, 1934; 
Birkhoff, 1950). 

Helmholtz’s attempts to obtain resistance in potential flow^s by means of the 
theory of free -stream dines and wakes is well known. (Helmholtz, 1868; Kirchhoff, 
1869.) The basic principles of his approacli were founded on the observed fact that 
when a body moves through a fluid it is usually followed by a dead-water region 
relatively at rest with the body, called the wake, and the observed potential flow 
is outside the system formed by the body and the wake. If any resistance is 
experienced by the body in uniform motion it should be the total reaction of the 
fluid on the body-wake system upon Avhich D’Alembert’s paraciox would again apply. 
To avoid this difficulty , known as Brillouin paradox (Villat, 1929), the wake had to 
be extended to infinity, which resulted in the outside potential flow being delimited 
by the so-called free-stream lines where the velocity was everywhere the same. These 
specifications were, however, sufficient to determine the flow uniquely (Riabouchin- 
sky, 1930) and further application of tliis theory was made in the study of several 
problems (Leray, 1935). As for resistance, it was applied to the case of a flat plate 
moving at right angles to itself ; a positive result w^as obtained but it w as nearly about 
half the observed value. (Goldstein, 1938, Vol. I, p. 37.) The work of Levi-civita 
(1907) and Cisotti (1922) extended the applicability of the theory to the case of 
curved boundaries and some solutions for circular boundaries have been obtained. 
(Rosenhead, 1928; Brodetzky, 1926; Wenistein, 1933.) 
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But the essential objection to Helmholtz theory lies in* the admission that th-^ , 
introduction of the body should ijpodify the flow at infinity, i.e., the wake should 
extend to infinity — a contradMion to observed facts. Besides, when the body is 
moving the w^ake must have an \alinite energy. 

Another phenomenon that ()|servation reconls, in addition to closed wakes, 
is the formation of vortices linsido the wake. On the basis of this observation a 
theory of calculation of the form drag was^constructcd and gave much bettor results. 
It was, however, found that a s ym metr j cJtf*9j’8 tern of vortex filaments (in two- 
dimensional flo>v) could not be stable. The stable arrangement, knowm fis the 
‘Karman vortex street* would introduce asymmetry and thcrt'by disturb the steady , 
character of the flow (Lamb, 1932; Milne Thomson, 1949; Durand, 1935; Goldstciii*. 
1938.) 

Meanwhile it was contended that a real fluid like air or water has an appre/iiablo 
coefficient of viscosity and that D ’Alembert *s paradox was possibly a consotjuenc^^ 
of the neglect of viscosity. Attempts to introduce viscosity into the theory of 
fluid flows resulted in the modification of Euler’s equations of motion into the 
Xavier-Stokes equations. The order of the equation was raised and consequently 
additional boundary conditions were looked for. After a long and protracted 
eontrovers}' (Goldstein, 1938, Vol. II, Apptmdix) it was finally decided that in the 
case of viscous fluids there should be no tangential c('mponent of the velocity on 
the surface of a body; in othcT words ‘there should b(' no slip’. 

The intractability of the Xavier-Stokes equations thwarted all attempts at 
exact solutions except in a few^ simple cfises, and perhaps the Hagen -Poisouille flow 
in capillary tuf)es i.s the strongest available evidtmcc^ in favour of the no-slip hypo- 
thesis, Motions past spheres or cylinders wore solved under highly restrictive 
conditions as in Stokes or Oseen’s solutions. (Lamb, 1932.) 

Prandtl (1904) effected a sort of compromise between observation and theory 
in what is known <"is the Boundary La^^er Theory. Tlu^ main arguments of th(? 
theoiy are as follows: — ‘l.»<d us admit th(^ fact that the flow of a real fluid past a 
solid body is mainly a ])otential flow except in a thin layer round the body and 
possibly the wake, w here only viscosity comes into play. There should be no slip on 
the boundary but, insk^ad of a sudden discontinuity into the main-stream potential 
flow% let us conceive of a thin layer of fluid whore a quick transition from the no- 
velocity on the surface to the main-stream velocity takes place.* The theory 
ex])lained the separation of the flow^ and the formation of vortices but its mathe- 
matical aspects were never regarded as too satisfactory (Krzywoblocki, 1953). It 
provides, however, the only b^isic method for the calculation of the skin-friction drag 
at present. 

In practical aeronautics to-day, calculations are carried out in parts. The 
form-drag is calculated from the theory of vortices and the skin -friction-drag is 
calculated in an approximate manner by means of the Boundary Layer Theoiy, 
(Goldstein, 1938; Durand, 1935.) 

Thus the problerfi of fluid-resistance cannot yet be said to be in all too happy 
a state. 


2. T'he physical background and the justification for a new outlook. 

JL»et us turn for a moment to the basic facts of experience and observations as 
recorded in the photographs taken at various laboratories. (Goldstein, 1938; 
Durand, 1935; Birkhoff, 1950.) These have been very ably summarised by Gold- 
stein, 1938 (Vol. I, Chaps. I and II). They are as follows: — 

(i) A real fluid like air or water has an appreciable amount of viscosity. 

(ii) A resistance is experienced when a body moves steadily through a 

real fluid. 
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(iii) At start, the flow is practically wholly potential without wakes. 

(We sliall henceforth characterise thjjs as the Primary Potential flow.) 

(iv) When a steady state is attained, the reMive-flow picture (i.e. when the 

camera is fixed to the body) reveals i^ally a wake of finite dimensions 
and a potential flow outside th(y body- wake system. Inside the 
wake vortices arc seen to exist. ^ Separation takes place at some 
pcant wherefrom starts the boundary of the wake as in Fig. 1 (after 



E’lo. 1. 


Goldstein, 1938, Vol. I, p. 64.) The separation point S, changes 
})osition and approaches llie forward stagnation point A closer and 
clos(T as the velocity of the main flow is increased. 

(v) Pr(‘ssure measurements round circular cylinders and spheres even in 

flows with little wakes reveal a higher pressure in the foreparts 
than at the back. (See Goldstein, Vol. I, p. 24, Figs. 4, 5.) 

(vi) The How, a little away from the body, has b^Kui shown by computation 

to agree very closely with the theoretically calculated potential flow 
(Goldstiun, 1038, Vol. II, p. 551). 

(vii) By appropriate sucking at points of the body-surface it is possible to 

retard the separation of the flow and make it coincide very nearly 
with the primary potential flow, so that the non-zero surface- velocity 
of the potential flow shows itself almost immediately beside the 
surface. 


Before proceeding furtlier, it is necessary to remember that Jeffreys (1930) 
had given a theoretical })roof that the only potential motion possible under the 
no-slip condition is a rigid body motion where the fluid and the solid move as a 
whole. It has been our convention, so far, that for /z 7^:0 we must impose the no- 
slip condition on the boundary. This contradicts the possibility of potential flows 
when viscosity is taken into account. 

Nature, however, reveals that in the case of real fluids where viscosity is not of 
a negligible order, potential motions with or without wakes do take place. Possibly 
Nature avoids Jeflrey’s condition by forming an indefinitely thin layer of sticking 
fluid over which slipping takes plac'o — as is generally envisaged in the Boundary 
Ijiiyer Theory. Wo shall see, as we proceed, that it is possible to resolve some of 
the long-standing paradoxes of fluid mechanics by discarding the ‘hypothesis of 
no slip ’ on the surface in the case of real fluids. 

3. The New Approach and its Consequences 

With the above in view, we start with the assumptions — 

(i) that in real fluids, in motion, ft 0, 

(ii) that, despite (i), the fluid may have a tangential velocity on the body- 

surface. 
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We know that the general equations of motion for a viscous fluid are represented 
by the Navier-Stokes equatipns\ It is easy to see that all pottuitial flows 
ss: 0) are solutions of ti.ese equations. This whole set of solutions stand 
barred when the no-slip hypotheSSe is brought in. Hence when the no-slip condition 
is no longer adhered to, potential 1|ows of viscous fluids become possible. We shall 
develop our results on the basis of this possibility. 

Consequences 

As a consequence of the above w^o shall show without further assumptions or 
approximations that: — 

1. A solid moving in a real fluid does experience a positive resistance, oVen 

when the flow has no circulation or vortices. This re^olv(‘s D*Alenij^ert’s 

paradox. 

2. The resolution of D*Alembert*a paradox removes all objections to the 

p<jssibiliiy of finite tvakes and hence rc‘solves ]h*illouin\s paradox. 

3. Even in a primary potential flow, i.e., a How w ithout wakes, vortices, or 

circulation, the thrust in the fon'parts of the obstacle does exewd 

the same in the hind parts. 

4. 'Jliat th<^ form -drag and tlio skin-friction drag botJi exist in a (hdinite 

way in every cas(‘ of primary potential fl<)W\ 

5. That it is possible to construct a gciwml formula for tlio total drag on 

a cyliiuh^r in ('ve ry case of flow% with or without wakes. 

Hk'sc con.stitut(^ the major aehievemonis of our a])proaeh. 

Xorm(d Thrust and Prescnire 

Th(; usual eoncej)t of pressure in a fluid holds only wiien the fluid is assumed to 
be perfect or is at rest it viscous. With the introduction of viscosity and the fluid 
in motion wt*. must re])lace tlie simpli [)r(‘S8ure concept by that of tlu*. normal and 
tangential tractions aenjss a surface vvhi(di may change} with the oruaitaticm of the 
surface. The symbol ^ used in the NavicT-Stokc'.s equations can no longer be 
inter j)reted as the normal thrust pir unit area in ev(‘ry direction; it will mcrolv 
represent the average normal stnvss across throe orthogonal surfaces through a 
point of the fluid. 

In th(} case; of two-dimensions, ' p\ therefore, no longer represents the normal 
action per unit length. That will, in general, be different from ‘p’ and we shall 
denote it by 

In all pressure measurements with airfilled tubes like the Pitot tubes, the 
effective pressure on the gas is the normal thrust per unit area and hence must 
be a measure of instead of p. Hence, all actual records of ‘pressure* measure- 
ments will be interpreted to measure p„ and not p. 

In section B, Part I, we shall work out a few results in support of our conclusions. 

Sec. B 

The Resolution of D'Alembert's Paradox 
4. General Formulae. 

Let us consider a primary two-dimensional potential flow past any fixed 
cylinder. We assume that the flow takes place in the x~y plane and that ^i, 




III two dimensioiis it is 

dt 




where ijt represents the stream-function. 
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represent the velocity-jK^teiitial and the stream -function respectively for the same, 
and that, vanishes on the surface S of the body. | If 

+ .. .. .. .. (4.1) 

represents the complex potential, the whole of the x-y plane with the exception of 
the area occupied by the body is mapped into the Wi {)lane with a slit on the ^^-axis 
and any point in the x-y plane <>uyiil«hJ:he body or on it can be represented by a 
pair of orthogonal curvilinear co-ordinates (^i, tpi). Let us assume that 
increases from left to right and increases from below upwards. 

If dsi, ( 1,82 be the elements of length normal to = constant and tpi = 
coi\Btant, rcspecitively, at tpi) we have 


—ddix 

<h 


where r/j repri'sents tlu^ speed of flow at 


Stre8.se8, 

In the general orthogonal system a = const., j8 = const., y = const, in three 
dimensions, the stress compoiK'nts are given by 

P^H = -P+'^f^epA 

Poifi = PpOL = 1 

et( / 


whore 


~ 1 V dhi w dhi 

~ } 7 , a5 /iji2 W Qh dy 

__ ^dv w 9^2 , u 3^2 

dp h^3 hjl aa 

. - hi. ( ^\ j. ( A 

hi da \h:J \hj dp \hil 


(4.4a) 


u, V, w representing the velocity components normal to the surfaces a = const., 
p = const, and y = const, respectively and where 

= (hidciL)^A"{h2dp)^A‘{h^dy)^ .. .. .. (4.46) 

Hence for the two-dimensional <f>i, system wdiere s a, s jS, y s z, 


(’ = o)_wo 


hi = 6o = — , 63 = 1 

u = qi, V = 0, ti; = 0 
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and consequently 


4 - 

) 

Vfifi ^ df, 


Pap ” 


dif 


• y 


(4.0) 


On tlio surface of the body ipi = const, and lionco the components i)f the stress 
exerted by the on the body are (Fig. 2). 

(i) a normal stress — l>er “idt length towards the body; 

(ii) a tangential stress length in tlie posit iv(>, .sense of flow. 

Denoting these two components of the surface action by p, and p, respectively, 
we hav(‘. 


P« 






Pi =■ ~P,h<l,, = 


^'4 

dif), 


v4.7) 

( 1 . 8 ) 





If now X and Y denote the x- and i/- components of the total reaction we have (Fig, 2) 


=! 


A BCD' A 


(pi COS d+Pn sin 0)dsi 


-=J 


(pt sin cos 0)dsi, 


A BCB'A 


Now, 


dx ^ dy . . 

= cos d, ~ = sm 6, 
dsi dsi 


Hence substituting from (4.7) and (4.8) and remembering that 

Jpdy = Jpdx = 0 


(4.9) 
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by i)* Alembert’s paradrjx, we have 







(^. 10 ) 


^where the integrals an; taken round tlie contour of the body in the clockwise sense 
in each (iase. 


Modification of Jilasius' Theorem, 

h^quations (4.10) provirh* tin; (corresponding modification of the Blasiiis’ theorem. 
In the general (case where (4.0) is not as.sumed to hold, we have, in fact, 


X-iV 


pi (b 


\d]\\ 


\dz + 2pi (b 


filti 


dz, 


ir, = n\ 


where ITi and z repr(‘s<‘nt th(‘ complex (*onjugates of Il'i and z. 


(4.11) 


Form drag and Skin-friction-drag. 

In ev(;ry symnK'trieal easo where the flow is paralhd to the x-axis, I" = 0 and 
the total r(\sistance A" (per unit, hength of the cylind(;r) is eontribuk^d hy both 
and pi. Tlu'se two (;ontribution8 are kadmie.ally known as the form-drag and llu' 
skin -friction-drag respi'ctively. Denoting them by and we hav(; 





A\ = 



df. 


<lx 


(4.12) 

(4.i;!) 


where (4.0) is assumed to hold. Of ('ourse, 


(4,14) 


o. Particular Cases. 
A. Circnlar Cylinder (radius = a) 


On r = a, 


.. .. 

.. 


3i/n dr 


9i 


Wx 


1 a 

a d& 


(as 6 decreases with «{) 


(5.1) 


(5.0) 
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hence from (4.10), (4.12) and (4.13) we have, 

X = Snfin{^0) 

X jv — 47T/i U 
= 4Tr/i U 

Besides, from (4.7) and (4.8) 

Pu = p- — cos $ (r>.2rt) 

’ ’ 4/i{7 . „ 

P, = “ 8'n ® , 

where p is given by Boinoiilli*s equation, so that 

P = n~\pq\ (r>.2c) 

n denoting the stagnation pressure (Pig. 3). 



Fia. 3. 


Observations 

(i) From (5.2) it is clear that a circular cylinder in a primary potential flow 
without wakes or vortices wdll actually experience a force towards tlie dinx!ti()n of 
the flow. There is a positive form-drag and a skin-friction drag and the two are 
equal. 

(ii) (5.2a) shows obviously (Fig. 3) that the normal thrust at the foreparts oi 
the cylinder where Z B ^ n exceeds the same at corresponding points on the hind 

parts where 0 ^ 0 < *^ . This verifies a well-known item of experience without 
bringing in wakes. 

B. Elliptic Cylinder : Flow parallel to the major axis 
In this case, the primary potential flow is represented by 



where 



6 


« = c cosh Im c cosh {^+iri). 


(6.4) 
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The surface of the body is the ellipse 


where 

and 
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f = a (const.) 


a = c cosh a, h^ c sinh a, 


1 


(6.4a) 


(6.4/>) 


Now, on a £ =3 a>nst. 

a_i_a 

dn h da '• h dr] 
a being measured from left to right, so that 

A2 = c2 (8inh2^ + Binary) 

Now for such u How 


but, in general, 


<i\ = ^ h^ + ah ( 6 “*^— + cos 2rj 

L — 6/ 


on 


Hence, 


dipi dn * d<f>i da 

if / 1 = const. 

I 1 


} 




which gives on si nullification (for 7!^ 0) 


Also, from (4.12), (4.13), wc have 


X,, - ■2n^v(l+-^ I 

I, 


(5.4c) 

(5.6) 


( 6 . 6 ) 


(6.7) 


(6.7a) 


We notice that there is again a positive resistance and the form and skin- 
friction drags are equal in this case also. 

In the limiting case when 6 -> a either a -> 00 or c 0, but the ellipse becomes 
a circle and the result agrees with those for a circular cylinder for wliich the drags 
are independent of the radius (as is expected from dimensional considerations). 


6. Solid Sphere 

When a sphere moves through a fluid with uniform velocity the motion is 
three-dimensional but has an axis of symmetry. Calculations for the total re- 
sistance etc. can be carried out in a manner similar to the above as the primary 
potential motion for such a body is known; and the stress components can be 
6b 
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calculated from (4.3), (4.4) without difficulty. Measiu'ing $ from the back stagnation 
point in an anticlockwise sense we have the following results ; — 


if>i — Ur sin $+1 U -^cos 6 


urn 


dr 


la^, 

r dd 


■ U sin 6 




q\ = U'i j^cos-:a ^1 - d-sin^a \ 


P=P- „ •• 

n (I 

. . 

p = — .'(in 0 

a 


= _ I ; 

.S' 


p coH 0 dS = HjTfifJa . 

= J p^ ain 0 dS = Va 

X & X^i + Xf = l6npUa 


(6*1) 


(6.1a) 

( 6 . 2 a) 

(6.26) 

( 6 .:ia) 

(6M) 

(6.4) 


Observation^^ 


(i) The remarks made on the results for a circular cylinder hold here also 
though the results are not quantitativ(‘Jy the same. 

(ii) It should bo remembered that tStokes’ famous formula for the resistance 
on a spIuTc gives the value (yrrpUa. Thus there is an agreement in order though 
not in value, Therci is, however, every reason why the Wo results should differ. 
Stokes’ formula was derived on the assumption that the motion is very slow so that 
the inertia terms were neglected and, further, the no-slip condition on the boundary 
was also imposed. In our case, there is no approxim^-tion, but the existence of 
the potential flow is assumed (and consequently the no-slip condition discarded). 
A primary potential flow round a sphere is unlikely to be stable, as we shall see in 
Part II, but if such a flow holds at any time there is hardly any escape from the 
resistance being l^npUa. 

7. Further poaaihilitiea 

(I) Flows with circulation or vortices.— li is obviously quite an easy matter to 
extend the calculations to those cases where the potential flow is attemied 
circulation or vortices. We have merely to modify the complex potential l^i but 
the general formulae derived in Art. 4 hold mulatis mutandis. The singulaiiti^ 
of the field do not create any difficulty as integration on the body surface only is 

involved. 14 . 

(II) Potential flows in three^dimensions.— For any three-dimensional system 
for which the primary potential flow is known the stress components on the body 
surface can always be calculated from (4.3), (4.4a) by a suitable choi^ of orthogonal 
co-ordinates or even in a Cartesian system. Hence it is always possible to calculate 
either the form-drag or the skin-friction drag for any body whatsoever, under any 
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type of general motion, provided the primary potential flow round it is solved. I 
believe th(; procedure is (lirect enough to need no illustration. 

Besides, it appears that the method opens up an extensive field of investigation 
specially to the advantage of aeronautical practice, where the flow round the aerofoil 
is Hupjxjsed tr) be very nearly a pottmtial flow. 1^ the flow is not primary potential 
(with or without isolated vortices) it should be folloW^ed by a wake and we shall 
ee(} in Part IV how the calculations caiubo^jxtended to the cases of flows with wakes. 


Abstract 

This paper is (iivided into Soctions A and B. Seation A contains s critical survey of the 
existing theories of fluid resistanco and pointing out some of the major inconsistencies explains 
that thu age-old paradoxes of the (Jlaxsical theory really arise out of a neglect of viscosity coupled 
with the hyp^)theHis of no slip on the boundary. It further, points out that a change of outlook 
more in agroourient with the facts of observation brings in a remarkable simplification into the 
whole problem oiid at the same time resolves effectively D’Alembert’s paradox and Brillouin’s 
paradox. 

Se<;tion B gives a general fonnula -- a moflification of Blasins’ foiTnula — for the calculation 
of tlio resistance on any cylinder moving in a real incom])rossiblo fluid with uniform velocity 
and the rt>8ult8 thereof, for the resistance of a circular cylinder, an elliptic cylinder and a sphere. 
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Part II 

Dissipation in Potential -Motion 

1. It is well known that the total rate of dissipation, i.e., the rate at which 
mechanical energy is disappearing, is given by (Lamb, 1932, pp. 379-381). 



% 

% 


i, m, n 

D ^ fA 




Uy Vy w 

% 

% 

« 


v> i 



N. L. GHOSH: A THKOBY OF KESISTANCE IK POTEKTJAL FLOWS 


86 


where 

D = the total rate of dissipation, 
a, V, w = the components of velocity, 
iy = the components of vortieity, 
q = the spi^ of motion, 

the first integral is taken over the entire range of the fluid, the second mid third 
integrals are taken over all finite boundaries N (irrespective of slip or no slip on the 
surhxce) and Z, m, n denote the direction-cosines of the normal drawm at a point of 
8 into the fluid. , . 

In the particular case wAktc the flow is punfly potential { vanish every- 
where and the equation (1.1) reduces to 

, 12 , 

J 

denoting the derivative taken along the normal drawn into the fluid. 
on 

If slipping is not permitted on the surface^ the dissipation given by (1.2) will 
vanish. But it is wi*ll known that D in general, can be writbai as (Lamb, ibid.^ 
p. 381). 

[[2(a2+i.2+c2)-f/“+!7-+A‘^]tit; (1.3) 

wIktc a, />, 0, /, (/, h dciiob' the components of strain and the integration is taken 
over th(‘ whole volume of the fluid. Now the inU^grand in (1.3) is an essentially 
positive (piantity and hence D can vanish only if 

a=:zb = c=f=^g:=h==^0 .. .. .. (1.4) 

that is, only if the motion reduces to a purely rigid-body motion. This is con- 
sistent with Jeffreys' result (Jeffreys, 1930). Hence in a jxitential flow, which is 
not merely one of rigid translation, dissipation must exist and can no\T>r be ecjual 
to zero. As potential flow of a real fluid past a solid obstacle is a fact, dis8if)ation 
must be a necessary feature of such flows and, hence, the integral (1.2) never 
vanishes — in conformity with our rejection of the no-slip condition (Part I). Thus 
having alh)wed slip on the surface for the potential flow of a re<il fluid, wo must 
admit that such a flow will always be attended with a dissipation given by (1.2). 

It must be noted that (1.1) or for the matter of that (1.2), has Ikhui actually 
arrived at by converting the volume integral (1.3) into the surface inUigrals in parts. 
Hence any singularities in the flow will modify (1.1) and hence also (1.2) and the 
correspon^ng corrections must be introduced. 

2. Dissipation in primary potential flows past cylindrical boundaries. 

Let us suppose that we are considering the potential flow of a real fluid past 
a solid cylinder and that the motion is defined by the complex potential Wx^ 
as in Art. 4, Part I. As the surface of the body in a potential flow must be a 
streamline, and for such a surface (cf. Eqns. (4.2), I) 
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we can write (1.2) in th*o form 



(2.1) 


where qi represents the speed and the integral Is taken round the entire contour 
of th<* body. 

The quantity D given by (1.2) or (2.1) can be easily evaluated for a sphere, a 
(rircular cylinder or an elliptic cylinder as the str(‘am-functions for such flows are 
known. 

We have the following results : 

I. Circular cylinder (radius a) 

( 2 . 2 ) 

II. Elliptic cylinder (axes 2a, 2b) 

D = 277/xC;2 ^ 1 4- 

III. Sphere (radius a) 

D = (2.4) 

where V represents the velocity of the fluid at infinity parallel to the axis of x. 



3. Maintenance of Steady Relative Motion. 

When a body moves through an otherwise! still fluid with uniform sp(ed U, 
the fluid in the neiglibourhood of the body is thrown into motion and at any instant 
the body is followed by a field of disturbed fluid sunounding it, the disturbance 
dying away at an infinite distance from the body. Now', for a real fluid (p- 0) 

the motion will entail a dissipation of energy. The picture ndative to the body 
cannot become steady unless the rate of supply of encTgy to tlu^ fluid just balances 
the rate of dissipation and in that ease the rate of change^ of kinetic energy with 
the motion will vanish. This result can be established in the following general 
manner : 

L(?t be the components of the stress per unit area at any point 

of a surface bounding the fluid exerted by the surface on the fluid. Then the total 
work done on the fluid per unit time is, m general, given by 

{r^^.xL + r^^.v+l\^.w)dS (3.1) 

the integral being taken over the finite body smface S as well as the surfaces E at 
infinity. Following the principle that the fluid at infinity remaiiLs undistmbed 
when the body moves through it, the integral over E vanishes and hence (3.1) 
reduces to 

* 

. u-f-c^y • v+r,, . w) ds 

j s 

the integral being now taken over the body-surface only. 


(3.2) 
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Now, (3.2) can be written as 



+ 




dr 

^ I x\ 

dy dz 


(it>+ 


/• 




whore 0 represents the rate of dissipation p<'r >init volume. Hence, substituting 
in the first term from the Navier-Stokes equations we have 


I* 

^ + ■ V + r^, .W)dS=;^p 

J S 




where D is given by (1.3) and -pq^ represents the kinetie ('nergy l)er unit yohime. 
For a stead}' relative picture wo must have 


and heneci 


D 

Dt 




J 


j • «+ r^y • . tr) (IS = /> . . . 


(3.3) 


Now, if R be tlie resistance exjXTienced by a body inoviijg with uniform velocity 
U , th(' ral(i of work done on the fluid is R.IJ and h(*nce, finally, we must have 

R,V ^ I), (3.4) 

Ecpiation (3.4) must be regarded as \'ery fundamental for the maintenance of 
a steady relative pietun^ and W(^ shall impos(‘ this as a luax'ssary condition for the 
preservation of a sti^ady flow. 

In Part I, Art. 5, we have caleulaUid the total resistane(*> R in a few symmetrical 
cases of primary potential flow and represcuited the same by X. Also equations 


(2.2), (2.3), (2.4) give us the corresponding values of D. 
the following table : — 

The results are shown in 

Body 

IW 

D 

1. Circular cylinder 



2. Elliptic cylinder 



3. Sphere 


I ^TTflO, (/2 

. • J V • 1 


From the above table it becomes clear that whereas equation (3.4) is obeyed 
for a circular cylinder, it is not so for either an elliptic cylinder or a sphere. Hence, 
on the assumption of the primary potential motion, the flow round a circular 
cylinder only can be maintained steaflily. That round a sphere or an elliptic 
cylinder cannot be so maintained and if started at any time it will change soon. 
The additional energy supply to the fluid by the work of the body-forces in the two 
latter cases will, it appears, tend to create a wake and enlarge it until the two 
rates just balance and equation (3.4) is satisfied for the altered motion. Our neict 
enquiry therefore will be to look for such a situation. With a view to that we shall 
develop the theory of closed wakes bounded by potential flows in Part III of this 
work. 
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Abstract 

T'his paper oontain« a diacussion of the dissipation in potential flow of a real incompressible 
fluid and entablishes the condition for the maintenance of a steady flow. Calculations show 
that the classical p<^)tential flow round a circular cylinder can be maintained steadily but that 
round an elliptic; cylinder or a sphere cannot be so maintained. This result is interpreted to 
indicate the formation of wakes. 
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Part III 

Closed Wakes in Two Dimensions. 

1 . Introduction 

The Classical wake or the Helmholtz wake being supposed to extend to infinity 
the position was never regarded as satisfactory as was observed in Part I. Closed 
wakf^s are a reality that could hardly be denied. For a long time there seemed to 
have dcveloptid a sort of resignation to the situation for lack of new light. Recently, 
however, the qiK^stion seems to have been n^opened and several attempts have 
already been made to introduce and discuss the question of closed wakes. (Klose, 
1941; Kolscher, 1940; Southwell and Vasey, 1946; Manarini, 1948; Allen, 1949; 
Lighthill, 1949; Kdrmdn, 1949). 

So long, however, as D’AlembcTt's paradox remained unresolved objections 
against closed wakes could not be overridden — so far, at least, as motion with 
uniform velocity is concerned. In Part I of our present theory we have resolved 
D'Alembert’s paradox and so the chief argument against closed wakes has already 
b(HUi removed. We shall therefore proceed with the analysis of closed wakes in 
potential flows. 

2. The Requirements. 

lA)t us consider a two-dimensional primary potential flow past a fixed cylinder 
and let Wi repn^sent the complex potential for the flow. The character of the 
primary potential flow is that the stream-line = 0 where 

W, = ( 2 . 1 ) 

enclasps the body surface completely, meeting at the front stagnation point A and 
leaving it at the back stagnation point B m shown by the thick line Fig. 1. The 


► U 



Fio. 1 


dotted line, inside, indicates the body surface. In the case of motion with a wake 
we would look for a flow where one stream-line should usually meet the body surface 
at the front stagnation point A, separate and run along the surface of the body for 
some distance (AC, AC'), leave the body surface at two points C, C' on the two sides 
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meet again at a distance from the body, say at D. The whole area enclosed 
in the loop thereby formed, will then contain the body and the wake (Pig. 2). 



Fio. 2 


These requirements will be readily satisfied if the stream-function 0 is of the 

form 

= 0, X, (:J.2) 

For, th(‘n, = 0 will he satisfied by = 0 as well as = 0 so tbat. when Xi 
suitably chosen the wake boundary CD or (^1) will b(‘ n^presented by 

( 2 . 3 ) 

The points C and D can then be e^vsily obtained os the intersections of 


with 


j 


(2,4) 


Now, l)y onr mHimptum the motion outside is to be a purely poUmtial motion 
and if there be any vortices tliey may lit‘ inside the loop, i.e., in the wake. For a 
steady motion outside, it is enough that tlu* wake boundary remains fixed. 

Thus the requirements for th(‘. altered, i.(^., the wake-flow arc: — 

(1) It should be a potential flow witliout singularities outside the body-wake 

system. 

(2) It should reduce itself to the primary potential flow at large distanees 

from the b<j(ly (observational result mentioned in Part I). 

(3) Its stream -fimetion should be of the form (2.2). 

(4) The equations (2.4) should (for a closed wake) have at least, one real solution 

within the range AB and one real finite solution on the right of B, 


3. The Complex Potential in Symmetriml Flows 

We shall designate the now wake-flow the ‘secondary' flow and denote its 
complex potential by W 2 - Further, wo i^hall confine ourselves only to the consi- 
deration of flows symmetrical about the axis of x. 



Fia. 3 
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As before, we assume that the primary potential flow is represented by (2.1) 
and that the flow has symmetry about the ir-axis in the real, i.e., the flow plane. 
Thus 01 vanishes on the axis of X its well as on the body-surface and may 
vary from — oo on the extreme left to +oo on the extreme right, 0i being positive 
above and negative below the ar-axis. If, noWj the points in the flow plane be 
expressed in curvilinear co-ordinates (0i, 0i) this Symmetry will be disturbed 
unl(\sH the origin of Wi (i.e., the point 0, 0} = 0) is situate on the axis of x. 
Idle most convenient point for such a choice for = 0 is, however, the rear stagna- 
tion point B, for the primary flow. We shall therefore suppose, in all oiu* sub- 
sequent analysis, that 

0^=:0i=:O ajbB (3.1) 

Now, to satisfy requiremfmt (1) it is enough to have IF2 as a function of Wi, 
To satisfy (2) this function of Wi must ->• IFi as | fFij-^oo. Hence we assume, 
generally, 

f 

= H^1+ 2 ^ (3.2) 

0 

the quantities a,, being constants or at least independent of co-ordinato {x, y). 

Now, Wi being an analytic function, 1^2 is also so, outside W i =0. But 
Wi =*() at the rear stagnation point B. So, W 2 given by (3.2) will be analytic 
overywluTe ouhside a small area surrounding B. As under condition (4) B will be 
safely enclos(Hi imside the wake, 1^2 vvill bc‘ analytic everywhere outside the loop. 
In fact, 1T2> given by (3.2), can be made to satisfy all necessary requirements for a 
finite nxike. 

Let us put 



M^2 = <A2 + ‘^2 

. . (3.3) 

and by (2.1) 


= <^1 + i'll, = ; 

. . (3.4) 

80 that 


0j = p cos a, 0^ = p sin a . 

. . (3.4a) 

To cover all points in 

the Wi piano we shall take 



p > 0 , IFi 56 () 1 

p = 0, IF, = 0 j 

. . (3.6) 


so that a may vary between 0 and 2it. Besides, on 


0 , =0 A 

(7 = 0, 0J > 0 ( (3.5o.) 

a = 77, 0] < J 

Further, owing to the assumed symmetry it will bo enough to consider the upper 
half of the IFi-plane (including the origin) and for this domain 

P>C| 

p = 0, Wi ^ 0 j 

is sufficient for our analysis, conditions being exactly the same on the other side of 
the 0i-axi8. 
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4. The Wake Boundary 
With (3.3), (3.4), (3.4a) we haVe from (3.2) 


. Cos ra 


= IX^+P a ^ 1+ ^ 7' j - 

( . cosa ) 

^ =P sina 1- 

( I p • 3 

Comparing with (2.2), whore ipi takes the place of we have 

_ f I V “r • «in ra ] 

*.•{'- 27 — .-j ■■ 

Ht‘iicc, th(^ equation of tho wake* boundary is given, in general, by 

=0 

f/^ , sin a 


.. (4.1) 

. . (4.2) 

. . ^ (4.2a) 


(4.3) 


(4.4) 


when', of course, p and a are as defim'd by (3.4a). Tlu' intersection of tho wake- 
boundary with = 0 is tlu'refore given by tho roots of the equation 


Lf. 

0, ■ >0 



that is, by the real roots of 



dir . "^in 
. sin a 





in general. 

It is obvious that when a finite number of terms arci considered tho sum of the 
roots must vanish in every case. Besides, it is important to note that every real 
intersection of = O with = 0 and hence every real root of (4.5) must be a 
stagnation point. This can bo shown quite easily. 

For by (2.2) 

^2 = 


Therefore 


V^2 = «A, VXi+X,V^i (4-6) 


But, at a point of intersection, = 0 and x, = hence 


V^„ = 0 


(4.7) 


which proves the result. 
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5. Points of Separation and Reunion of the Flow 

A.S the rear stagnation point has been chosen as the origin If j = 0, the front 
stagnation ])<)int A will bo given by = 0 and a negative value for for is 
supposed to increase in the direction of the flow. Lot this value be Then, 

for a r(?al separation of the flow from the body surface equation (4.5) must have at 
least one negative root lying in the range 

(5.1) 

For two or more coincident negative roots within the range the separation will 
take place tangentially. In the absence of any real positive root of (4.5) the flow 
does not unite. For only one real positive root the union or confluence take^ place 
at an angle. For two or more coincident positive roots the confluence takes place 
in the form of a cusp. 

Thus it is clear that the coeflScients a,, determine the pattern of the wake. 
Given any 8p<3oifi(^<l pattern it is possible to choose the coefficients suitably. In 
g(>neral, liowtJVTr, thiTo doesn’t scorn to exist any definite jffiysical principle which 
may B])t‘(‘ify tli(i (jonstants uniquely. It is possible that flows for all values of a,, are 
perrnitt'd but only some, of them arc stable. Tliis is a mere surmise and does not 
presume to be a proof. Experimental photographs show the existence of different 
ty|H;s of wak(‘- boundaries for tlio same obstacle when subjected to flows with 
different Rr^ynolds numbers, i.e., for different velocities of the undisturbed flow. 
All these patterns of the wake boundary must obviously belong to the same topo- 
logical gr()up so that one can be transformed into another by a continuous deforma- 
tion — and physical intuition suggests that the sole parameter of this deformation 
must be the spei'd LI or to be (‘,xaet the corresponding Reynolds number. 

Speaking of (‘xperiuK'ntal n^sults, it may be observed that photographs (Gold- 
stein, 1938, Vol, I, plates 7, 8) ac^tually reveal the existence of wdiat looks like 
stagnation areas near the points of separation and reunion. 


fi. A nqli' of Si'ixiration and Angle of Reunion or Confluence 


It is f)ossible to construct a general result wliich will give the angle at which 
the separation from the body -surface or at which reunion of the flow on the a;-axis 
tak(\s placi\ 

At any point let ^2 denote the speed and direction of the secondary flow in 
the real plane (z-plane); let q\ 0' denote the same in the IFi-plane and let 
denote the speed and direction of the primary flow in the actual flow plane (i.e., 
2 :-plane). Then, 


dW, 

dz 

dW. 

dz 

dW. 

dW^ 


= = q\e 


= =z q^e 


= w — It? = qe 


-tB' 


> 


(6.1) 


and 

where the suffix 1 refers to the primary flow, 2 to the secondary flow, both in the 
z-plano and the dash (') refers to the secondary flow in the IFi -plane. But 


dz dWi' dz ' " 


( 6 . 2 ) 
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Hence, 
which shows 

= 9^1 ( 6 . 3 ) 

+ (6.4) 

But is the angle between the directions of tlie priiiuirv and the secondary 

flow in the real (i.e., z) plane. Hence by (6.4) the angle through which the velocity 
at any point is turned in passing from the primary to the socondary flow is given by 

• • 

e' = (6.6) 

so that the angle 9 of separation or confluence wliich means the angle of ttirnirig of 
the flow at cither point is given by 

tan 0 = tan . . . . . . . (6.6) 

u ' 


At a stagnation point v' = it' s= 0, because g = 0 but qi 0. Hence for such points 
we have 


tan^ «a Lt. — , . 

u 


. . (6.7) 


, , Hi 

“ " 9^, ’ “ 9^J 


that, for separation or confluence 


r ^ 

I 3^1 


tan 6 = —lit. I -x - y 

xi 0 L 


For a point of separation, -> 0 and or -> tt 


or -> TT 1 

for a point of reunion, Xj ^ a 0 j * * 

We shall distinguish between these two angles by the suffixes and m, so that 

9s = angle of separation 1 
9^ = angle of reunion J 

With (2.2) and (6.86), equation (6.8) can be written as 

rhi-[ 


. . (6,8a) 


. . ( 0 . 8 &) 


tan 9, =» — Lt, 


9^1 

_ Hi 


. . (6.9a) 


tan 9^ =s — Lt. 

a-> 0 


d4>i 

Hi 

_ Hi 
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Alternatively, it is easy ’to see from the principles of conformal transformations that 
or 0g ar(5 the arigk^s at wliich the curve Xi =7 ^ fTi-pIane meets the 

axis. Hence, if = 0 is expressed in polar co-ordinates (p, a) in the W j-plane, 


and 



( 6 . 10 ) 


llefcTring to the general equation (4.4) for = 0 it becomes obvious that the 
last two formulae are most convenient for the calculation of and $$ . 


7. Special Types of W ake- flows 

We shall now describi* a few simple types of closed wak(\s, as particular cases 
of the general results established above. 

Type I. [a,. 0, r < 1 ; a,. = 0, r > 1 .] 


In this case 



H^2 = ao+W^,+ -^ .. 

.. (7.1) 

(where has been put for ai) 

y . ^ \ 


= ao+^i ( 1 +^) 

.. (7.2) 

(ao being supposed real), 


■■ ■■ 

. . (7.3) 

where 


•> .*> , '> 
p s <f>\+4i\ ; 

. . (7.4) 




.. (7,5) 


so that the equation to the wake boundary in the W^i-plane is 


p = A.. .. .. .. .. (7.5a) 

This circle will necessarily have real intersections with = 0, so that the corres- 
ponding wake in the z-plane must be closed. The intersections are given by 

= ± A (7.6) 

and by (6.10), or obviously 

^ (signs being omitted) . . . . (7.7) 

Thus in this case the flow separates from the body surface normally and meets on 
the x-axis again normaU;y\ 

(Photographic plates actually record cases where the reunion appears to be 
normal. For example, Durand (1935), Vol, III, plate III, fig. 30.) 

Type II. [a^ 0, r < 2, a,. = 0, r > 2] 
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In this case, 

• 

= + ^ .. .. 
__ 1 ai 2 a 2 cos a 

h~' ^ pi pS 

. . (7.8) 

. . (7.9) 

The wake boundary 

= 0 is given by • 



pai-~ 2 ao cos a «= 0 

.. (7.10) 

The points of separation and reunion are given by the roots of 



= 0 

.. (7.11) 


For a closed wake, there must be at least two real roots one positive and one negative. 
Hence all the roots must be real. For a physically intorpretable case (only one 
separation point and one conllucncc point) two of the roots must be equal. If 
^i» ^8 be the three roots wo must have 


Besides, S4iy, 
then (7. 1 la) becomes 

0<;inparing vvitli 

W(^ hav<^, l>(‘sid(‘s (7.12), 


+^ 2 “f "^8 = ^ 

Aj == A 2 • , 

2 Ai+A 8 = 0 
(^i-Ai)M^i-A8)=0 


Aj+2AiA 3= — ai I 
Aj As = 2ot2 J 

Hence eliminating A^, A 3 from (7,12) and ( 7 . 12 a) we have 

a;^=27a^ .. 


.. (7.11a) 
.. (7.116) 

.. (7.12) 


.. (7.12a) 

.. (7.13) 


th!T could be obtained from the discriminant for a cubic) so that it is necessary 


a, >0 



. . (7.14) 

II 

14- 

XiV^ 

3/ 

. . (7.16) 

Thus two cases are possible, viz.. 

r 


A 3 0 , Ai 0 , 

ttg < 0 ■) 

.. (7.16) 

A8>0, Ai<(), 

“2 > 0 j 


Hence 


(i) When the last coefficient as is negative there is one negative root and two 
equal positive roots. The flow leaves the surface at an angle and meets back in 
a cusp. 

(ii) When the last coefficient is positive, there are two negative equal roots 
and one positive root. In this case separation takes place tangentially and the 
confluence takes place at an angle. 

Both the above cases are possible. But in either, equations (7.14) and (7.16) 
must be obeyed. Thus out of the two constants ai and a 2 only one becomes in- 
dependent. 



96 


N. h. GHOSH: A THEORY OF RESISTANCE IN POTENTIAL FLOWS 


Putting 


ai = 3A2 {7.17a) 


we have from (7.15) 


a2 = T A3, (7.176) 

the upp<‘r and the lower sign corresponding to the cases (i) and (ii) respectively. 
Now, (7.11) can be put in the form 



2X^ = 0 

.. (7.18) 

so that the roots in 

the two cases art; 



-2A, A, A-V 

-A, -A, 2a] 

.. (7.18a) 

roHp<^ctively. 

Correspondingly, 

= 

.. (7.19) 


f 3A* A^ cos 2a ') 

92 = 1+ Q T • r 

K cos a J 

.. (7.19a) 


. r , 3A2 ^ 2A3 -I 

^, = p8ina|l- — ±-^cos a j .. 

.. (7.196) 


. 3A2 , 2A3 cos a 

Xl = l-^± ^3 

.. (7.19c) 

and for case (i) 

ll 

t 

II 

O 

1 

. . (7.20) 

for case (ii) 

p, = o. 


Thus in ciuse (i) the separation is orthogonal and union is in cusp and in 

case (ii) the 


separation is tangential but union is orthogonal. 


Typo 111. Separation tangential^ Vnion in a cusp. 

Retaining only four terms in the expansion (3.2) we have 


Then, 


so that 




j , f 1 I oil , a 2 cos 2(7 . as cos 3a "l 

<f >2 = ao+p cos a -J 1+ — * + h -f . I- 

(, p^ cos a p* cos a J 

, . f , ai a 2 . 2 cos a a. . ■ » . ") I 

^2 = p sin a 1 1- (3-4 siuV) j J 


p2 p8 ' 


The points of intersection are given by 

2a2^i~3a8 = 0 


(7.21) 


. (7.21o) 


. . (7.22) 


.. (7.22a) 
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We shall consider only that case where the separation and the union are both 
tangential, i.c., where 0^ z=: 0, =: 0. For this it is necessary that (7.22a) should 
ha\ e two distinct pairs of equal roots and since the sum of the roots always vanishes 
two of these must bo negative and two |K)sitive.’ Applying the necessary conditions 
from the theory of biquadratics, w^e have 


Henr(‘ })utting 
we have from (1.22a) 


ai > 0 
ao = 0 


2 




2^1 


2A2 




(7.23) 


. . . (7.24) 


SO that tlu‘ points of intersection of the wake- boundary w ith 

= 0 are given by 

1 

1 

II 


furnishing the necessary pairs of eoim-idcnt roots. Jt should be noted that the 
points of separation and reunion are at equal distances from the back stagnation 
point in the Iki-jilaiu^. In this case, as expected, 0s = = 0 and, 

r 2A2 1 

<^o = Ofl+P 1 1 +• ^2 — .J -4 (4 CO,s2ff— 3) 

j .. (7.26a) 

i/i, p sin “4 (3—1 sin^a) ^ 

.. (7.266) 

X, == 1 — ~ (3 — 4 .sin*or) 

' p‘- 3 p* 

.. (7.26c) 


y^^. <)1 (DUisc, being arbitrary. 


S. A lypUcaiion to (■ircnlar and Elliptic (Jj/lirider^s 


To ealeiijate the wake-llow past any eyliiKhw we have merely to substitute th(3 
appropriate expression for IF] as a function of z, so adjusted that the origin for 
\Vi is transferred to the back stagnation point. Thus, for 

(I) thf ('ircAil/ir ('ijlindf'r 

W^ = -'2alJ+Vz{\+'^ ( 8 . 1 ) 

which makes 

= -2rt^;+r';r^J+“^j (8.lrt) 


= Uy 



so that 4 ^ 1 , ip I 
Further, 


vanish at the back stagnation point (a, d). 

' y-0 


(H.lf)} 


( 8 . 2 ) 


7 
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80 that for flows of the ciifferent types enumerated before, we must have the following 
limitations on the parameter A in order that t\\e separation may remain between 
the stagnatiiai i>oints A and B for the primary flow. 


Typ.- 1 

0 < A < 4aU 

. . (8.2a) 

Typo 11 (i) 

0 < 2A < 4aU 

« 

. . (8.26) 

Tvpo 11 (ii) 

0<A<4ai/ 

. . (8.2c) 

Typti 111 

(><X<4aU 

. . (8.2d) 

(II) For an Elliptic Cyliruler 


w, = - 

- U(a+b) + C |^/> J e - ^ cosli C 

i . . (8.3) 

2 = C 

HO that 

cosh ^ ^ c cosh i$+iv) 


= - 

_ (J{a + />) + C [^1; J " ^ c - ^ e. .si i f J 

COS 7j . . (HAa) 

V'1= - 

- U |^/> =^hih f J sin Tj 

. . (8.46) 

and 

c. = - 

-2U(a+b) 

. . (8.4c) 


In the subsequent part (Part IV) of this paptu’ \vc shall discuss the (luestion of 
resistance and dissipation in wake Hows. 


A«STKA(-'r 

The roBolutioii of D’Alembert \h paradox romovea the obji^cOoii fo closed wakes — a difficulty 
mot by Helmholtz by the free-stroamliiie theory. In this part, th(‘refore, tlio author develops 
the Theory of clostnl wakes in i)i)tontial flow. A uenoral formula for the wake flow in two 
dimensions past any cylinder is establishe<l and by an analysis of the wakc-l>oundary several 
tyjx's of closeci wakes are demonstrated. 


References 

Do D. Allen, D. N. (1941)). The formation of closeil wakes in Fluid .Motions. Qh/. J. of Mech» 
and Applied Math., 2, 64-72. 

Kannan, T. (1949). Accelerated Ilow of an incompressible fluid with wake formation. Ann. 
Mat. Fura. Appl. (4) 29. 247-249. 

Klose Alfiml (1941). Theorio dor Lnftkrafte bei verswindondor Keibung. Abh. Preuss. Akad. 
ir«W. Math. Nat. kl., 9, 50. 

Kolsohor, M. (1940), Unstetipe Stronuinaen mit endliehen Totwiisser. Lnflfahrtforschung, 
17, 154-160. 

Discontinuous solutions of the e(|uations of motion of lluid flow. Ministry of Aircraft 

Production, (Lond.) R.T.P. (Translation No. 2403). 

Loghthiil, M. J. (1049). A note on cusped cavities. Aeronaut. Res. Council Rep. afid Memo., 
2328. 

Manarini, M. (1948). Sui paradosvsi di D’Alembert e di Brillouiii nella dinamica dei fluidi. 

Aui. Accad. Naz. Lincei. Rmd. Cl. Fis. Mat. Nat. (8) 4, 427-433. 

Southwell, R. V. and Vasey, O. (1946). Phil, Trana. A, 240, 117, 

7B 



N. h, GHOSH; A THKOKY OF RESISTANCE IN POTENTIAL FLOWS 


99 


Part IV 

Resistance and Dissipation in Motions with Closed Wakes 

I . Introduduyti 

In Pari I of tliis paper we have reSolved D’Aleinbert^s paradox and calculated 
the resistance in the primary potential flow of a. real incompressible fluid on obstacles 
of different shapes. In Part II we have seen that the energy supplied to the fluid 
by the work of tlie body forces exceeds, in some cases, the amount of mechanical 
energy necessary to maintain a ^steady flow, proving thereby, that the primary 
potenti il Hows concerned could not be maintained steadily in such cases without 
modilication. We interpreted this result as leading to the formation of wakes 
beliind those obstacles. But wakes must necessarily be closed. With the resolu- 
tion (^f D Akunbert’s paradox objections to the existence of closed wakes were 
removed utkI in Part III we formulated the theory of jx>tential flows with closed 
wakes — in contrast to tlu^ Helmholtz theory of infinite wakes. In the few simple 
cases discussed in Art. 7, Part III, it could be noted that the parameter A (which 
really determines the point of separation of the flow and the end of the wake, in 
every case considered) was left arbitrary. By the application of the Principle of 
Maintenance enunciatid in Art, Part II, we shall be in a position to determine 
this paramct<T. 

With this in xivw wv shall first indicate how the Resistance and the Dissipation 
in ])ot(‘ntial Hows with clos(‘d wakes can b(i obtained. The expressions for both 
will inv<Hve tlu‘ unknown paramettT A and the equation expressing the condition 
tor mainte nance will be the one determining A. The result in every case will con- 
(•('ivably deqaiid on tlu* j>rimary How^ chosen, i.e., on the nature of the cylindrical 
obstacle scl(‘cted for study. With tlie writing down of the equation of maintenance, 
how(‘\ (‘r, t h(‘ t heondical part of the present investigations is brought to its completion. 


2. Resistance in 'tnotion with closed wakes 

We have indicated previously in the introduction to Part I that wo conceive 
ol the wake as a mass of dead-water following the body and relatively at rest with 
it in the sense that th<^ velocity of the centre of mass of the particles constituting 
tlui wak(; is the same as that of the body and hence U, by assumption, although 
t he elements (d‘ the Huid may be executing vortex motions inside the region bounded 
by the body-surface and the wake-boundary between the points of separation and 
confluence as showm in Fig. 1, Part I. Thus the total linear momentum of the 
Huid in the wake remains invariable when the motion becomes steady. Conse- 
quently tiie rcsultant^of the stresses acting on the wake alone across its bounding 
surfaces must vanish. If now, a force P is necessary to drive the body steadily 
through the fluid, since the body also is supposed to move with the uniform velocity 
f/, N(3wton’s Second Law applied to the system of the body and the wake taken as 
a whole gives P as merely balancing the total reaction of the outside fluid on the 
body-Avake system exerted across the boundary of the combined system, i.e., across 
the boundary of the looj) inside 02 ~ mentioned in Art. 2, Part III (sec Fig. 3, 
Part III). The above argument, however, applies equally well to any three- 
dimensional problem and hence we can say generally that — 

‘When a body moves steadily through a fluid and a closed wake of finite 
dimensions forms behind it, the total resistance experienced by the body can be 
calculated merely as the resultant effect of the surface stresses exerted by the rest 
of the fluid across the boundary of the body- wake system.’ 
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This result is independent of the nature of the fluid motion outside the body- 
wake RyKteni and also independent of the internal motions executed by the fluid 
particles inside th(? wake so lon^ as the w^ake maintains its boundary and its total 
linear momentum invariable. 

In our present discussion the flow' outside the body-wake system is potential 
by iussumptioK Hence by a reference to iVrt. Part I, w^e notice that the total 
resistance can be calculated from formula, (4.10), Part I (by^ merely replacing 
01 by 02 02 integrating over the boundary of the body-wake system AC DC' A 
(Fig. 3, Pait III) instead of that of the body surface alone. Thus we have, (for a 
two-dimensional flow only) — 

■'“'‘Hal/''' “a#:*} 






q representing the Hjiciid in the secondary flow Wo ( =02 + ^ 02 ) ^Aud the integrals 
being taken round the body'-wake contour (Fig. 3, Pait III), in a clockwise 

sense. 

For motions with symm(4ry about the .r-a.xis, vanishes as befort' and then (2.1) 
can be w ritten fis 

the path of integration being the half-contour ACD. 


. I // (ilin ndtirt fonn . 


It w'ould sometimes b(‘ mon* convenient to put (2.1) in a more readily adaptable 
form. For this we .set^ that, in genera L may bf* r(‘gardrd as a function of the 
complex conjugate variahU‘s H ^ and 1 F 2 where 


and as 


we have 


also 

With these (2.1) becomes 


^^'2 ~ 02 + ^ 0 - ) 

ji 


l_ J d 

d _.( d _ d\ 

: ' dwJ 


dill 


. A I L 

S4>.A*diii,, 

dx—idy — dz 


X = -iV/<b 


dW, 


. dz 


(2.4) 

( 2 . 6 ) 

( 2 . 6 ) 

(2.7) 
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where I stands for the imaginary part and, of course, 

I dW^ 2 


(2.8) 


the integration being taken. towimI the whde contour in a (clockwise aenai^ The 
equation of the path of integration (Wz = given by 

= H'i8 2 7^2 (2.9) 

fur the parts AC, AC' (Fig. .‘b Pait III) and 

IF,. (2.10) 

for the remaining })arts CD, C'D. 

The formula (2.7) becomes most conveniiait where tlu' inverse transforinatiou 

z e ^(TF,) 

for the How is easily obtaiiuHl. For in that cas(^ the whole ])ath of integration can 
rnenHy hi' tak<ai as 

IF, = iF 2 (2.10a) 

and Cauchy 's theorem can be directly applied for the evaluation of X. For such 
a proei'dure we sliall obviously be carrying out the integration in tlu^ H^ 2 i>l^tne 
instead of the real (i.e., z) plane. 

In the types of flow discussed previously, however, tlu^ inverse transformation 
merely adds to the complication instead of simplifying it. It is therefore useful 
to investigate the possibilities of integration in the real or 2 -plane. For this w'e 
S(M^ thfit 


, dJF, dW2 

^ •• 

It 

dW2~ ' dW. 

dW^ 

dz 

dz 

and for the path of integration (2. Ida) 

dW2_^ dz 

dz ^ dz ' dz 


(2.11) 


so that we have 


and so (2.7) gives 


dW. 


X = -2til 




dz^ ' dz 


d^Wj ^ 
dz^ ' dz 


. dz . 


( 2 . 12 ) 


(2.13) 


(2.14) 


(2.16) 


The disadvantage of this form is that Cauchy ’s formula for integration carm^ 
be directly applied. For, the equation of the two parts of the path VAC ana CLfC 
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in the 2 ;-plane are given by diCFerent equations as shown in (2.9) and (2.10); so 
working with (2.16) we have to split up the integral into two parts and assuming 
Hvmmetry we have 



The eorrectmiss of these formulae ean be verili(‘d from the fact tlial these give 
back our previous results of Part I whtui W 2 is re|)la(H‘(l by Wi and (' and I) coincide. 

In th(i more general case, where no symmetry is assumed tlu^ modified Blasiu's 
formula for the wake-flow can he iit once written down in the same way in which 
(2.7) was obtained. We shall thereby obtain: 




1 . 


fI Wo r 


dz 


dz+2fji 



C-MT) 


with (/* given by (2.8) and tin* patli of integration being the (‘iitire contour of th(i 
body- wake system in a clockwis(‘ s('ns<‘. 


.*1. The Rate of I )ifisi 2 )ati on and the Maintenance of the Flaw 

The rate of dissifiation in the potential flow outsidi' th(‘ liody-wake system 
must for the same reasons as in Part II Im^ totally eom])(tnsat<Ml for liy the work of 
the body-wake sy8t(‘m on the Iluid outsidt*, for a steady motion. B(\sidos, the 
dissipation in the pot^mtial flow outside ean be obtained from (H]n. (2.1), Part 11, 
in the manner indicated in tlu^ [inarding arti(^le. We thus have in this eas(\ 

^ 

when? is given by (2.8), as btd’ore. 

With (2.4) ami (2.5), this can lx* writt^ai as 


]) = (K 


dW. 


dq^ I 

ail'd 


dW., 


(3.2) 


provided (2. l(V/) is taken into account as defining the path of integration. 

Alti'rnati vely, with (2.14) and a similar relation we can write (.‘1.2) in th(‘ form 


/> = jit/ 



d'^Wo dz^dW^ 
' dz] dz 


(3.:i) 


for integration in the ;:-plaue, the intt‘gral being taken round tlu' whole body wake 
contour in an anti-cIocJcndse aens<\ 


Maintenance of the Flow 

From what has lu'cn saiil above and from the discussion in Art. 3, Part II, it 
is dear that the motion ivlati\ e to the movimi body-wake will remain steady if 

A . f/ = i> (3.4) 
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in the case of flown with symmetry, X and D l>ein^ no\^' given by (2,1) anti (3.1) 
respectively. In other wortls, f^>r a steady symmetrical flow past a cyUnder we 
must have 


f dq- dq^ V u 


5i/i« 






The importance of equation (3.5), as mentioned in the introduction to this 
part, lies in the fact that it provides us witli the tool for tlu^ determinatitui of the 
arbitrary iiarameter A which characterises the dilftTcnt tvjH's of How disciisst^d in 
Art. 7, Part III. Having chosen a particular cylinder f()r study, the lirst thing 
we have to do is to determine tlfe primary potential flow round it — by the means 
made available by well-known classical theories. Having obtainecl \\\ we next 
choose a particular type of the closed wake, like the cases shown in Art. 7, Part. Ill, 
for study. Tlie character of the wake boundary being sufficiently restri(‘UMl to 
leave only one parameter open, we can apply equation (3.5) to test if the chosen 
typc‘. of wake is possible for the cylinder under consideration. For, a real value of 
tiie paramettT satisfying (3.5) we can safely say that the typo of flow chosiai may 
be exhibited when the particular cylinder is in motion in a real fluid steadily. Be- 
sides, tlui value of the parameter thus obtained will fix up the position of‘ tlu^ wake 
boundary in relation to the body and for the types of (dosed wak(\s detailed in 
Part 111 such a value of tlu^ parameter will fix up the positiim of the separation 
point as well as the end of the wake represented by the ‘ confluence ' or the ‘union’ 
as we hav('. called it. 


Conclusion 

This brings to a completion the theoretical formulations of our present inv(\s- 
tigations. 

ddic investigation of possible closed-wake flows round a, circular or an elliptic 
( ylindcr is a matter of detail and we prefer to postpone it for a future communica- 
vation on the subject. 

Finally, I must thank the authorities of the National Inatitub^ of Hciences af 
India who by stdccting me a Senior Research Fellow of the Institute gave me leisure 
and opportunity to complete this theory the rudiments of which had been hanging 
around my mind for some time past. Lastly I take this opportunity to express my 
most sincere gratefulness to Prof. N. R. Sen, in whose laboratory this work was 
])ursued and to whose constant encouragement and untiring wat(difuln<^HH I owe 
the major part of my success in completing this theory. 

Abstract 

This part obtains a^general formula for resistance in Potential flows wiOi wakes post any 
cylinder and also the condition for the maintenaco of such a flow. 
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r. Introduction 

Tho Palghat Gap which li(‘.s acd’oss tho Western Ghats in Malabar, forming tlu' 
only major break in the continuity of the high hills and connt'tHing tho West Coast 
with the rest of the Madnis State, is a noteworthy feature in tho physiography of 
southern India. The nature and tlu‘ mode of origin of the gap is an interesting 
problem in the geology of southern India which has hardly receivi'd any serious 
attention. No detaile(l geologic al mapping of the ari'a of the gap and the adjoining 
high hills has Ihtii (mrried out till now. 

A study of the one-incdi and quartor-iiuih topographic maps of the region has 
brought to light the remarkably interesting drainage pattern in the hills immediately 
to the south of the Palghat Gap, The alignment of certain streams and groups of 
streams with inter\'ening cols along two or three lines forming straight linear 
patterns of s(>me considia-able extent, would a(‘em to indicate possible lines of 
shearing or faulting. A canTul study of the trend lines in relation to the physio- 
graphy, drainagi^ and geology of the area reveals many striking facts and has 
enabled us to arrive at (x?rtain tentative conclusions regarding the evolution of the 
drainage pattern of the area and also the possible origin and the age of the 
Palghat Gaj). 


II. Physiography of the Area 

Phvsiographically the peninsular area south of Mangalore, with which we are 
concerned, may be divided into three broad natural divisions, ( 1 ) the narrow strip 


1 Puhliflhed by permission of tho Director, Geological Survey of India. 

Dr. S. L. Hora, Dii'ector, Zoological Survey of India, after studying the fish fauna of the 
hill streams of the Western Ghats, has arrived at certain interesting conclusions regarding their 
distribution on either side of the Palghat Gap. On discussing with him the geological aspects 
implied in the distribution of the lull stream fauna, we were stimulated to search for evidence 
which may throw some light on the structure and the possible age of the Gap. 
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of coastal plains of South Kanara, Malabar, Cochin and Travaneorc, (2) the high 
ranges of the Western Ghats with a narrow gap at Palghat, and (3) the broad 
undulating plains of South Madras comprising the districts of Coimbatore, Salem. 
Madura, Tricliinopoly, Ramnad and Tinnevelly. 

(1) Coastal Plains, — The plains along the West (\>ast extend continuously from 
Bhatkal port north of Mangalore a*s far as Caix^ Comorin at the southern tip of the 
Peninsula. In the Mangalore n^gion, tlni coastal plain is 5-8 miles in width, but it 
narrows down to a strip of only 2 miles near Kasargod. South of Cannamm^ the 
plain broadens out and in the region l)otwcMUi Calicait and Quilon, reaches a width 
of nearly 15-20 miles. Between Trivandrum and Nagercroil in the south, it again 
narrow’s down to 6 or 8 miles. A section across the coastal plain from ciist to west 
reveals four sub-divisions, (a) a sfeeply sloping, partially fort^stod country formed 
of hills and ridges immediately at the foot of the ghats, followed by, (b) an un- 
dulating tract with water-logged paddy fields inters}X'rsed with low' hillocHcH and 
mounds of laterite, succeoded by, (c) a flat raised tract (3-0 miles) capped with 
laterite and underlain by sub-recent sediments towards tla? coast, {d) regions 
hot ween Ponnani and Cochin, and between tlio latU r and Quilon are marked by 
the hackw^aters parallel to the coast. 

(2) Western Ghats. — The Western Ghats extend as a rang<‘ of high hills, 15-30 
mil(‘s ill wiilth, over a distance of nearly 450 mil^s in a NNVV-SSE direction from 
near Karwar on the Bombay border to Ca|K^ Comorin in the south. The highest 
f>cak.s ar(^ the following: — 

South Kanara : Ko<lachadri (4,402) and Kudimunukha (0,207). 

(>oorg: Pushpagiri (5,020). 

Nilgiri; Vevulmala (7,073), Doddaheita (8,040), Kolarhetta (r),ii24). 

S ihjiri^Mahibar border : (Julkal (8,000). Angin<la (7,817), et c. 

Cochin: Karimalni Gojmram (4,721). 

Aiumnalai hills : Anaimudi (8,841), Taiiakainalai (8,244), et(^ 

K odaikanal hills : Ibex Peak (8,603). ^V‘mba^li Sliohi Pt*ak (8,221), Kodai- 
kanal P(‘ak (7,064). 

Andippatii-Varshanad hills : Surulimalai (5,080), Snruliparai (0,221). 

Norik Travan(Mre-Tinyi(ivelly borde^r : Koltaimalai (0,024), Si vagirimalai (5,723) 
and Dovarmalai (0,307). 

South Travancore-TinnPA^elly border : V’^airattimotti (5,237). Agastiyainalai 
(0.132) and Mahendragiri (5,427). 

The general trend of the ghats is NNW-SSE and there are thre(? more or less 
arcuate projections extending eastward into the South Madras ])laiim: (a) the 
Nilgiri range running ENE Ix'tween the Coimbatore plains and the Mysore plateau, 
and continu(‘d northward into the Satyamangalam-Kollegal hills of Madras and 
Biligirirangan Hills of Mysore, (h) the Palni range (Kodaikanal hills) running aJso 
ENE and continued east and ESE, after a narrow pass at Dindigul, into the Sirumalai- 
Ammayanayakkanur-Ayyalur hills, and (c) the low Varshanad-Andippatti range 
running NE towards the Vaigai valley. Lying Ix^twccn the arcuate projections of 
the Nilgiri range and the Anaimalai-Palni range is the Palghat Gap, with an 
elevation of 250-1,000 ft., the highest point in the gap being a little over 1,WX) ft. 
near Pollachi. 

(3) Plains of South Madras. — The plains to the east of the ghats comprising 
the districts of Coimbatore, Salem, Tricliinopoly, Madura, Ramnad and Tinnevelly, 
form a broad undulating region sloping gently to the east and south-east towards 
the Bay of Bengal and the Gulf of J|anaar. These fall into two divisions, {a) the 
Coimbatore-Salem-Trichinopoly region lying between the Nilgiri-Satyamangalam 
hills in the north and the Palni hills to the south, and (6) the Madura-BamnM- 
Tinnevelly region to the south, separated from the northern re^on by the projection 
of the Palni-Varshanad-Andippatti ranges. Between the Palni and the Andippatti 
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hills lies the hhitow Kambain valley. The general elevation of the northern 
plain is In^tveen 500 and 1,000 ft., while that of the southern is l)etween 260 and 
600 ft. 


III. Climate 

The area has an equable teni[)erature ranging between 75"" and 100°, the mean 
for the year being 80°~90°. February to MUy is the hot season when the temperature 
rises to 90°~100°; betwe(^n DtHMunlxu* and January is the (‘old season with a tem- 
perature range of TO^-TT*^. With r(‘gard to rainfall, there is great contrast between 
the West Coast and the plains to the east of tlui ghats. The south-west monsoon 
breaks on the West Coast at tla^ (*nd of May and, for three or four months the region 
is in the full grij) of the monsoon. The annual rainfall, wliich is mostly nxicived 
during .this jHTiod, go(\s uj) to 2(X) inehi^s. The South Madras plains, being on the 
leeward side of tlie ghats, receive pracjticallv no rainfall during the south-west 
monsoon except around the Palghat Cap and tlui high pass(‘s as in th(^ Kambain 
valley and around Shencottah. Only strong dry westerly winds j)revail here during 
this period whi(d) lower tlu‘ sumnuT temjieratuni considerably. The rainfall on 
this side is around 35 inches, the gn^ater portion of which is ret'cived during the 
north-east monsoon in 0(5tob(T, Nov^unber and DericmbcT. During this period, 
the ocjastal n^gion irnmtxliately adjoining th(‘ Palghat Cap is subjected to dry easterly 
winds and dust storms. 


IV". General Drainage 

The drainage of tlu^ region is in conformity with the three jihysiographie 
divisions, with the summit of tlu'. W(‘stern Ghats forming the natural divide between 
the drainage systems of the West Coast plains and the South Madras plains. 

The rivers and streams along tlu^ western slojx'. of the ghats flow wi‘st and 
north-w('st and, on emerging into the coastal plains, run W(\st or south-wi'st into 
the Arabian Sea within a short distance from their sourcio in the hills. Tlu) most 
important of these rivers ar<^ the Nc^travati and Payaswani in South Kanara, the 
Valarpattanam, Beypor(‘ and Ponnani (Bharata Puzha) in Malabar, the Chalakkudi 
Ar and P(‘riyar in tlie Cochin region, and the Manimalai Ar (Pamba Ar), Achankovil 
Ar and Kodayar in Travanoore. Owing to th(‘ heavy rainfall along the western 
slopes of the ghats, the rivea's and streams on tlui W(\st Coast are perennial. Their 
course from the hill slope's to the sea is short and steep, and they flow rapidly into 
the sea cutting steep valleys. 

The rivers and streams of the South Madras plains have their sources on the 
steep eastern slopes of the ghats and they flow east or south-east towards the Bay 
of Bengal, Palk Strait or the Gulf of Manmir. They flow with only moderate currents 
and have developed long broad valleys. Having their source (m the leeward side 
of the ghats which receives only a low rainfall, the majority of the rivers and streams, 
except the Cauvery, are dry during the greater part of the year and are flooded only 
during the monsoon. 

In relation to the two sub-divisions of the region, the drainage systems are also 
quite separable. The chief rivers of northern region are the Bhayani from the 
Nilgiri hills, the Noyyal from the Coimbatore hills and the Amravati from the 
Aiiaimalai hills. These flow east or north-east into the Cauvery which enters 
this region from the Mysore plateau after cutting through the Kollegal hills 
and flows south, south-east and east between the districts of Salem, Coimbatore and 
Trichinopoly. 

The important rivei*s of the southern region are the Vaigai from the Cardamom 
hills, the Vaippar from the Sivagiri hills, the Chittar from the Tenkasi hills and the 
Tambrapami from the Papanasam hills. All of them flow south-east into the Gulf 
of Manaar. The Vaigai is the longest river in the area. Rising from the Periyar 
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lake on the eastern slojies of the Cardamom hills, as the Sunili Ar, it flows north-east 
through the Kambam valley for nparly 50 miles and tluai turns south-east as the 
Vaigai river flowing through Madura and (‘Uterijig tlie sea not far from Ramiiad 
town. The details of drainage of the area adjoining the Palghat Gap are given in 
Sections VTI and IX below. 


V . G EOIAR ; IC A ! . F( )RM A 'P I O N S 

The geol()gi<*al formations of the area b(‘long to th<' Prt'-Cainbrian nndainorphie 
complex with a narrow Indt of sediinentaries along the (’oastal n'gion. The Pre^ 
Cambrian rocks (*onsist of granitoid miea-gneissc's and garnet iferous gneisses, with 
broad massive bands of charnockitic roeks, an<I thin bands ami Iens(‘s of liornblende 
and biotite schists, granular quartzites, crystalline linustoiu's and calc-grauulitos, 
and metamorphosed rocks of igiu-ous or s(‘dimen1arv origin including pyroxene 
granulitos, epidiorik's, etc. The nortluTn })art of tlic region, comprising the districts 
of South Kanara, Malabar, Coeliiu, Nilgiris, Coimbatore, Salem, Tri(’hiuopoIy and 
Madura, shows a mon^ predominant dcnH^lopmcnt of granitoid l>iotit(‘-gn(‘iss(‘s, while 
the an'a to the south is chiefly composc{l of gariK'tiha-ous gncisHc's. A lew leiise^s 
and masses of ultrahasic ro(‘ks like pyroxeuit(‘s, amphibolites and duuit<*s are also 
found. Pink granites and granitite gnciss(‘s of a lat<e ag»* (ecpiivalcnt to tlu^ Clesopet 
granites of Mysone) occur amidst tli(‘ giiciss(‘s of both tlu^ r(‘gior»s, hut mone commonly 
in the north. With thcst‘ granites arc associates! some^ yonngeu’ pe'gmatites and 
quartz veins which carry at places mica, gennstoncs and rare-earth minerals like 
allanite and eolumbite-tantalite. 

The s(‘dim(‘ntarv formations along tie* West- Coast arc of small tJnekness and 
of K(‘cent and snh-ll(‘C(‘nt age, (‘xc(‘pt for tJi<‘ Miocusu* Warkalai and Quilon beds. 
'’I'ht‘ lignit(‘s of Ih'vport' and Canininon* ar(‘. probably also of the same ag(‘. 

The ro(‘ks (d th<* South Madras plains an‘ not wcat])ered to any consideTable 
<*xtcnt and the country commonly dis])lays good o\it crops. Tlu^ soil and alluvial 
mantl(\ (*xcepi along the rivcT valkeys, is v<tv tliin, ranging up to 10 feet in thieknoHS. 
The summits of the WcstiTn Ghats and the ste.eep eastern sk)peH of tin* range are also 
composed of barren precipitous rocks with only a thin ca])t)ing of soil. 

(’onditions arc different on th(5 West C/oast and on the wcsterri slopes of the 
ghats, owing to the heavy rainfall and thick v<*g<‘tati<>n. 1'h(‘ soil (rover in th(^ 
West Coast plains is on an averages 50 ft. in thickne.ss and tlien* is also a thick crapping 
of latcrite in many plac(‘s, (*sp(.‘(rially on the western slopes of tier ghats, the higher 
regions of the ghats being composecl of barren unw(?athered rocks. 

\^r. Geological Strttctitkk 
(IVxt-figH. 1 and 2) 

The ti'cnd lines of thcr rocks together with tlar broad physiographic featun‘S 
and geology are shown in the accompanying sketch maj) (Terxt-fig. 1). 

The strike of the rocks in the (roa.stal plains and along the weskTn slojx^s of the 
ghats is generally NW-SE, varying betweern NNW-SSE in North Kanara and 
Coorg, NW-SE in Malabar and North Travamwe, and WNW-E8E in the South 
Travancore region. About a NNW-SSE iimiginarv line passing through the summit 
of the Western! Ghats, through Coorg, Wynaafl, Anaimalai hills, Periyar lake and 
Tenkasi town, there is a sudden cliange in the tnmd of th<r rocks due to folding 
about a north-south axis. From a NNW-SSE or NW-SE trend on the western side 
of the ghats, the strike veers round to the east, ENP] and finally to NE on the eastern 
side. The strike of the North Malabar-Coorg rocks continues into the Nilgiri range 
in a ENE direction. This is continued further on into the NNE (and occasional 
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northerly strikes) of the Satyaniangalam-Biligirirangan-Kollegal hills along the 
Mysore borrlf^r. The rocks of the Palghat Gap. region continue similarly into the 
Coimbatore plains and turn gradually with a NE strike into the Salem region. This 
north -eaHt<*rIy trend extends from the Shevaroy-Kalrayau hill trac ts of Salem into 
the; davadi-Yelagiri hills of South Arcot and is eontinutd into the neitrhbourhood of 
( 'hingleput and Madras city. Similarly the NW-SE strike of the South Malabar- 
Cochin rocks continues east and ENE into^the Anaimalai and Palni hills and further 
up into the Triehinopoly- North Madura region in a NE directions, beyond which 
it is conc(*alod by younger rocks. The NW-SE strike of the North Travancore 
rocks turns nnmd to the NE into the* Kambam valley, Andippatti-Varshanad hills 
and West Ramnad plains beyond which the Archaeans are covered by Tertiary 
sediments. 1'he NW-SE and WNW-ESE tremis of South Travancore extend into 
the Semih Tiunevclly plains and gradually curve round to an easterly direction 
towards the* coast wIstc they become conceal(Ml underneath the sub-recent coastal 
deposits. 

Tile g(‘ueral regional trend of the rocks in South Madras plains some distance 
(‘ast ot th(^ Western Ghats is thus NE-SW. But about a roughly north-south 
irregular line passing through Erode, Dindigal. Madura city, Virudhunagar and 
Kovilpatt i, th(‘n^ is a northerly loop in the strike of the rocks duo to folding of the 
strata about a north-south axis, similar to the on(‘ noticed along the Western Ghats 
(Text-fig. I). 


TE^TFKS.I-PROVISIONAL tectonic map (PRE-CAMBRIAN) OF PARTS OF 
PENINSULAR INDIA AND CEYLON 

tOiltQWt n 4a M M 
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The general regional dip of the rocks is to the WSW, SW and SSW in the West 
Coast region, wliich changes to south, SSE and SE in the South Madras plains. 
Opposing northerly dips, i.e., to the NW, NNW, north, NE and ENE, are often 
found along certain areas tos a result of local folding. Along the north-south fold 
axis in the region of Erode-Madura-Kovilpatti, the dips are ratlier confusing due 
to the variations in the nature of thedolding at different places. The dip is generally 
steep to moderate. In the West Coiist ^region, it varies from 80°~60° in South 
Kanara, Coorg and Malabar to 60^-50^^ in Travancore. In th(> South Madras plains 
the dip rangi's from nearly vertical to about 50^-60°, and as in tlu^ West Coast 
region, there appears to be slight flattening of the dips as we procml southward. 

The rocks of the Mysore Plat(>au on the northern side of this region striki^ 
NNW-SSE. The Dharwarian schists form linear belts amidst the gneissic and 
granitic rocks as north-pitching synclinal folds with the intervening anticlinals 
eroded away. Structurally this region appears to represent tlie eroded portion of 
a main anticlinorium. 


I 
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A careful study of the map seenis to indicate that the strike trends of the rocks 
of South Madras closely follow those of the Dharwar schist belts. The schistose 
formations thus sciun to form the basal portion of the Dharwar schists which may 
probably r(‘st on f)l(lcr formations. The general structure of the ngion is that of "a 
scries of major anticlines and synclinos with minor folds on the limbs of the major 
ones. In conformity with the Dharwar synclines, these folds should also plunge 
to the north. The southerly loop in the strike of the rocks about the Western 
Ghats and in the vicinity of the Palghat Gap thus appears to be a north pitching 
synclinal fold and the northerly loop about Erode, Madura and Kovilpatti is a 
north-pitching anticlinal. 

VII. Drainage pattern in the Hill Tracts adjoining the 
Palghat Gap and its possible explanation 

(Text-figs. 3-6) 

A study of the topographic maps of the West Coast and the western slopes of 
the ghats of this region reveals that the majority of the rivers and the larger streams 
flow in a general westerly and north-westerly direction in their course through the 
hills following the strike of the rocks. In the coastal plains which are covered with 
a thick mantle of alluvium and laterite and sub-Recent formations, the streams 
have a low gradient towards the sea, prefening no particular directions. 

In contrast with the general direction of flow of these main streams, are other 
smaller streams and tributaries which join the main drainage at high angles cutting 
across the general trend of the hills and the direction of strike of the rocks. The 
hill tracts of South Malabar and Cochin lying immediately to the south of the 
Palghat Gap are of interest in this respect (Text-fig. 3). 



no 


K. JACOB & S. •'TAKAYANASWAMT: THB STRUCTITEAL AND DRAINAGE 


TEXT m. 1— OHUNACE EATTEM Of TIK AREA AROUND fAUIMT CAR. 

•uiiE s iR s winui 



The main slnuims in (his |•('gi()n running \v^‘st and north-west arc (1) the Bharata 
Puzlia in tla^ T^dghat Gap, (2) the Mappili Puzha and Parainbikolam Ar (along the 
sides of wliich tlu' govcrnnuMit timber tram line runs), (8) the Ohalakudi Ar, (4) 
the Yedainalai Ar, (5) the Ihiyankutti Ar and (b) the F(‘riyar. 

Meeting tlu'se rivaa's at fairly wide angles are two sets of prominent tributaries, 
(1) the Ga\dtri Puzha. tlu* Karappara, Ar, the eonne(4ing streams between Param- 
bikolarn Ar and the Chalakkudi Ar and betwetai the northern and southern sections 
of tlio Yedainalai Ar and a few otluTs extending in a NW-SE line between the 
Bharata Puzha and the Periyar : (2) the Kannankuzhi Todu, Perum Todu, Kottapara 
Todu and a lew others running in a. N-S line. The courses of the main streams ai*e 
also marked occasionally by sharp bends which olfset the streams for short distances. 
Groups of waterfalls and cascad('s an^ found not only along the main streams but 
also in the tributaries, {larticularly near their junctions. 

The remarkably straiglit alignment of the tributary-* streams (A-B, C-D: in 
Text-tigs. 3, 4) mentioned above is very striking. These are streams (with inter- 
vening <M)ls) which tak(^ part in the liiaar patterns. One set lies in a NW-SE 
direction extending for nearly 04 miles (A-B, Text-tigs. 3, 4) and the other in a N-S 
direction running for a distance of 32 miles (C-D, Text-tigs. 3, 4). The two sets 
converge at the western (aid of the Palghat Gap area. They probably represent 
certain well detined structural featuivs. 

The northern ends of both may bo traced to the actual gap where the height 
above mean sea-level is only 500 ft. As the straight river patterns are developed 
iK^tweon altitudes of 500 ft. and 5,01M) ft. above sea-level, it is not improbable, as 
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Auden (1961, p. 36) pointed out, that the structural features are of great lateral 
extent, and are developed through a considerable vertical range. In the case of a 
NE-SW linear pattern extending for nearly 40 miles and which passes near Mattupatti 
dam site in Travancore, Auden estimates a vortical range of 6,200 ft. 



Similar sti. light alignraents, but less striking, are also noticed in the upper 
roaches of the Yedaraalai Ar and Puyankutti Ar, and also at places in the 
Anaimalai-Devikolam hills. As seen in Text-figure 4, four major directions 
may be recognized in the linear stream patterns developed in the region to the 
south of the Gap. 

The first impression conveyed by these linear patterns is that they are possibly 
mult planes. A carefyl examination of the valleys along the Mappili Puzha and 
Parambikolam Ar during a traverse along the tirnbiu- tram line has, however, not 
indicated the presence of such later faulting. The rocks here are foliated and 
banded gneisses with chamockitic bands, and have a general WNW-ESE, E-W and 
ENE-WSW trend with low dips of about 20%30^ generally to the south. The 
gneissic and chamockitic bands are clearly seen traversing the beds of these tribu- 
taries without any lateral shifting or other signs of disturbance No indication of 
any fault could be noticed in the vicinity of Ottappalam along the Bharata Puzha 
west of Palghat where the NW-SE line appears to terminate. 

Auden (51) had, how^ever, observed a shear zone about 70 ft. in width near the 
Mattuppatti dam site through which a NE-SW linear pattern runs. He could 
not find any convincing evidence of major fault offsets having taken place along 
tliis zone. 
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A careful Ktudy of the map reveals that the linear patterns (A-B, CD, in Text- 
figs* 3, 4) are more or less at right angles to the strike directions of the rocks 
and they occur iu greater numbers at the ndrtli-pitching synclinal fold, where 
the strike of th(^ rocks changes from NW-SE and WNW-ESE to E-W and ENE- 
WSW. It is y)OHsible, therefore, that the linear patterns may be the result of 
shearing. 

Slu^aring may occur more or less uniformly along a straight boundary for 
(tonsiderable length. It may also follow the easiest planes of weakness in the rocks 
which, in this caH(‘, at right angles to the strike. Such shear fractures most 
(irobably determined tlie straight courses of the tributaries in contract with the 
(courses of the ?nain streams which follow the strike of the rocks. Elsewhere, these 
fractures might have encouraged block-faulting, ‘so that one may reasonably expect 
to find them indicated by long straight segments of streams begun or ended by 
abruj)t bends. If one examines carefully the other parts of the Western Ghats, 
more <^xampl(*H may come to light. In this connection the recent papers by Radha- 
krishna (1952) aiul Radhakrishna and Ghoime (1951) may be seen. An extended 
study of the stn^ani patt( rns, particularly of the region south of the gap, should be 
worthwhile. 

It may Ix^ pointed out here that during the course of systematic mapping in 
the Tinncv(^lly distri<;t, a Hhrust ’ zone of presumably Pre-Cambrian age has been 
recognized by one ol' us (S.N.) running in a NW-SE direction for a distance of over 
120 miles (i\'xt-tig. 1). This zone is traced from the Tambraparni river near 
Srivaikuntam up to the foot of the Western Ghats north of Srivilliputhur. Except 
for a slight lateral shift in its alignment in the hills near the Periyar lake region, 
tlu^ ‘ thrust ’ zone recognized here apparently extends in continuation of the 
major shear lino (Text-fig. 4, A-B; Text-fig. 1) noticed in the Palghat Gap region. 

To our mind an alternative explanation of the Imcar stream patterns immediately 
to the south of the Gap is to consider them as remnants of an original drainage 
much older than tlui main streams. The present west and north-west Howiiig streams 
like tlu^ l^u'iyar, ( -halakkiidi Ar, Bharata Piizha, (‘t(*. are apparently subsequent to the 
faulting of tlie West (^oast region and these have followed the strike dirc'ctions of the 
rocks. The direct ion of flow of the tributaries which make the straight line patterns 
appears to have no definite' relation to the main streams which they join. The sections 
shown in 1\'xt-figs. 5, fi are drawn along the lines of tributaries extending south-east 



and south from the Bharata Piizha to the Periyar. A stud}" of these profiles shows 
that the divides between the opposing pairs of tributaries gradually decrease in 
elevation as one proceeds southward, and the south-flowing tributaries are much 
longer than the north-flowing ones. These features perhaps indicate the possible 
existence in the past of south-east and south flowing main streams which occupied 
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these valleys at a much higher elevation tlian at present. They werc^ consequent 
upon the original slope of the terrain. Subsequent to the faulting and tilting of 
the West Coast region, these streams miglit have considerably dwindled in size, 
probably because the sea encroached upon the area to the west stimulating the 
development of west-flowing streams. They now- occupy the position of the old 
valleys as tributaries meeting* the wVst and north-west flowing main streams formed 
at a later period. 

A recent paper by W<‘st (1951) has come to our notice wherein the author 
mentions having recognized paired shear frai‘tun:\s en echelon over a wide area in 
Alaska, which at times determine straight stream din'ctions. Tlie author has also 
attempted to determine the diivctioji of inferred force. In the case of the sliear 
fractures recognized in parts of South India w-e are at present net in a position to 
determine the direction of force without additional data. 


VIII. The Evolution of the Palghat Gap 
(Text-figs. 1, 4, 7-9) 

As mentioned in an earlier s(‘(4i()n, the Palghat (s\ap is a fairly undulating pass 
extending east to west, with an average w idth of eight miles (Text-figs. 1, 7-9). The 
elevation of the gap raug<‘S from 250 ft. near Palgliat to a little over 1,000 ft. at 
Pollaclii (T('xt-ligs. 7-9). lije hills on either sid(^ ris(^ abruptly as steep precipitous 
scarps reaching i(j heights of over 3,tH>0 ft. Tlu^ almost straight direction of the 


TixT fKti. - fRonus acrosi tmi palghat cap. 
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hills and their steepness on either side of the gaj), esjxicially to the south, might 
suggest that faulting in an E-W or NE-SW line was responsible for the formation of the 
gap. A study of the Strike trends and other features apparently does not support 
such a suggestion for the origin of the Palghat Gap. No trace of faulting has been 
noticed in the rocks of the Coimbatore region immediately to the cast of the gap. 
From a NW-SE trend on the West Coast the rocks turn eastwards through the gap 
and run east and ENE into the Coimbatore region. It apj)ears, therefore, that 
evidence for the evolution of the gap has to be searched for in the physiography 
and the cb*ainage features of the area. 

The river Cauvery which forms the main drainage basin hero, flows to the 
south-east and east through the Coimbatore-Tricliinopoly plains, between the 
Nilgiri-Satyamangalam-Salem hill tracts in the north and the Palni-Dindigal hills 
to the south. The rivers Bhavani, Noyyal and Amravati are the main tributaries 
which enter the Cauvery from the western side after draming the Coimbatore plains. 
The combined basin of these tributaries is a broad undulating peneplain. 

8 
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The major jyortion of the area receives a low rainfall and the rivers are flooded 
only for a nhort jxTiod during the rainy season. It is really difiicult to conceive of 
such a broad peneplain developed by denudation by these rivers alone. The shape 
and Hi/A*, of t he basin and its general slope towards the east se>eni to suggest that it 
was onrx* oeen[)i(‘d by a larger stream flowing eastwards right from the Palghat Gap 
and r(;( (*iving a much greater flow of water fron\ the lulls to the west. 

A study of the contours also indicates that this stream probably occupied the 
courH(*. t)f the present Amravati river between Karur and Dharapuram, and the 
Uppar Odai l)(;tw'(*en Dharapuram and Pollachi. The course of the stream further 
W(‘st was probably through the centre of the Palghat Gap with a gradual northerly 
turn towards its source just above the region of Anangamalai (A 1291). The 
Bhavani and the Noyyal were probably its tributaries which entered the main river 
from tlie north. 

Afi<T the faulting and the subsequent tilting of th(i W(%st Coast region resulting 
in the diminution of the water supply from the hills to the west, this Ur-Cauvery 
might liav(^ become considerably dried up. Depending on the degree and direction 
of tilting, tlu; ancient (\iuvery apjx'ars to have captured the present stream from 
th(^ Mysore plateau after (tutting its way through the Kollegal-Biligirirangan hills. 

The exishnee of (hop gorges like the Mekedatu and watt^rfalls like Siva- 
sa mud ram and Hogan aka I sc'cms to point to the still youthful stage of the Cauvery 
in this ngion. 'J^lu? alternate' straight courses of the riv(‘r following the strike of 
the rocks, tbl lowed by sharp bends cutting across the strikes with deep gorges and 
wat(‘rfalls, apparently indicate a subsequent drainage. 

The original ciust flowing river might have gradually dwindled in size leaving 
only a steep-sided wind gap in the Palghat region. The profile section across the 
gap (Text-figs. 7-9) reveals steep and almost precipitous slopes on either side down 
to 1,000 ft., below which occurs the almost flat valley of the Bharata Puzha. 

In addition to the easterly drainage, the probable presence of a large westerly 
flowing drainage system with its source very close to the Palghat region is indicated 
by the landward curvature of the bathymetric contours in the region of the Arabian 
Sea opposite} to the gap and continuecl WSW to a deep channel, ‘the Nine-Degree 
Charmer, between the Laccadive and th(} Maldivc groups of islands (Text-fig. 1). 
The significance (^f this submarine depression which may possibly inclicate a sub- 
merged river valley is discussed in Section IX below. Medlicott and Blanford (1893, 
p. 496) had postulated tlie possible existence of a large westerly flowing river running 
through the Palghat Gap area, its main drainage having been reversed by earth 
movements which ‘raised’ the Western Ghats. They suggested that probably 
these movements considerably reduced the former westerly flowing river into the 
much smaller stream, tlie present Bharata Puzha, while the major part of the 
drainage was diverted to the east. 

In explaining the accumulation of the ancient alluvium in the plains of the 
Narbada, of Berar and of the upper Godavari, Vredenburg (1906, pp. 38, 39), on the 
other hand, postulates the formation oi a shallow anticlinal ridge running west of 
the western termination of the Narbada and Puma plains with a strike slightly east 
of north, instead of a general tilting of the western side of the Peninsula. Warping, 
jxs suggested here by Vredenburg, cannot explain many other remarkable features 
on the West Coast. No doubt theix? are evidences of warping in the western half 
of the Peninsula, but we feel that tilting has also taken place to some extent. In 
our opinion tilting and warping of the western parts of the Peninsula followed the 
block faulting. 

The drainage systems mentioned above followed the general slope of the land, 
and their direction had, therefore, been to the east, south and west. Subsequent 
to the faulting on the West Coast, a new set of west-flowing streams developed 
from the steep w^estern slopes of the ghats. These streams followed the weak planes 
of the rocks which now naturally lie along the strike, viz., to the west and NW. 

8b 
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The Bharata Puzha is one such subsequent stream wliich has dovelopcHi along the 
old gap in the Palghat region. It is now cutting headward into tlie gap and on to 
the Coimbatore plains, and its tributaries luive their origin from the slom^s of the 
Anaimalai hills south of Pollachi As may be seen fiom the section in Text-fig. 9 
the only remnants of the original east-sloping valley floor whicli have withstood’ 
erosion and occur as isolated stumps are: (1) the 1/250 ft. high-gn)und ENK of 
Pollachi, and probably (2) the ridge Anangamalai ft.) to th(* NK of Shoranur. 

In a recent contribution by King (1950, pp. 109-11 1) the study of the 
world’s plainlands, the author suggests the existenet^ of tliree eyelic* erosion’ surfaces 
in the Indian Peninsular region. In soiiUktii India, he reto’gnizi's a ‘tJondwana 
Cycle’ of levelled residuals of Gond^ayia age in parts of the Niigiri and Cardamom 
lulls, rising above the general plateau (‘Indian winch h<' considers to bo 

younger. According to him, the ‘Gondwana’ land surface is ])re-Cretaceou8. while 
the ‘Indian’ land surface is Cretaceous-Middh' Tertiary. 'Phe l^ilghat Gap area is 
shown in his map as ‘post-Indian’ lan<l surfa(*e of late Tertiary dieeent age. In 
our opinion. King’s views require scrutiny hcTore they can be accVptvd. JlowevaT, 
it is of interest to note that the N-S and NVV-SE linear drainage ])at U'rnH ohs(Tved 
in the Palghat Gap area cut across the ‘Indian’ (Cretac(^ons-Middl(‘ Tiuliary) and 
‘ j>ost-Indian’ (late Tertiary-Recent) land surfaces. To those who iiud King’s 
views acceptable, it may appear that any shearing that might hav(‘ hetai responsible 
for these linear patterns, probably took place nob earlier than the iat-o Tertiary. 
On the other hand, it is not unlikely that a more ancient feature of the land wtis 
rejuvenated in comparatively recent time. 

IX. Bathymetric contours in the Arabian 8ka west of tifk 

Palghat Gap 

(Text-fig 1) 

It is noteworthy that in the region due west of tlio Palghat Gap in tlu’s Arabian 
Sea, the 200, 500, 1,000 and 5,000 ft. bathymetric contours tak('. a num^ or less sharp 
bend towards the coast, thereby suggesting that in this region a submarirKi valley 
exists (Text-fig. 1). Further west, between the Laccadives and the Maldives this 
valley probably extends in a WSW direction as the ‘Nine-D(groo Clianncl’. TIkj 
alignment of this channel and the prominent defloctiou of the bathyuK^tric contours 
towards the region of the coast west of the gap, is approximately in the ENE-WSW 
direction. 

This intcTesting feature may at first suggest the (‘xistonec*. (»f a submerged 
valley formed by a large river which once took its course tlirougli the gap (as 
{lostulated in an earlier chapter) in a WSW direction and extending into the region 
of the Arabian Sea. 

It would appe^ar that the Pleistocene changes of sea-l(‘.vcl owing to the repeatcKl 
formation on land of thick ice sheets and their melting, would only account for 
an oscillation of sea-level of about 300 ft. It is possible that during th<^ low sea- 
levels of the Pleistocene Ice Age the upper parts of the? submarine valley wore 
incised when the shelf surface was largely situated at or above sea- level. 

According to Bourcart (1938), continental flexure has appanaitly taken place 
along their margins causing periodical marginal flexure or bowing upwards of the 
borders of the continents, accompanied by submergence of the margins resulting in 
rejuvenation of the continental border relief. Jessen (1934) has also supported 
this idea. Such rejuvenation has been a characteristic feature of comparatively 
recent geological times. But these movements caused by subsidence of the shelf 
areas and the uplift of the coastal regions can only be small in amplitude. 

On the other hand, if we assume a N-S coastal block faulting with crustal 
subsidence from a normal level, wo shall have to postulate a downthrow of at least 
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6,000 ft. magnitude to account for an erosion base at that depth. It may be that 
the theories based on sub-aerial origin alone, explaining the present level of the 
subinarincj valley, ^vill have to be abandoned. 

In a subs(‘quent section, wc have attempted to adduce evidence for the Lower 
Miocene faulting of the West Coast, although some hold the view that tliis event 
took place in the Pliocene or l^leistoceru; times whiuh may be true of only the 
Mokran Coast. 

Though the faulting is of Mif>cene age, it would seem that the submerged land 
had preserved some of its erosional features such as the postulated ENE-WSW 
drowned river valley extending from the Palghat Gap are<‘i towards the ‘Nine-Degree 
('hanner. In the pres(a)t state of our knov\ie<lge, it is difficult to decide whether 
to consider this h^ature Jis a imu’e submerged river v^dley or as something else. 
Howev(.‘r, as Kuenen (11)50) has {)ointed out, ‘Conditions under water may possibly 
t(Uid tV) encourage th(5 d(W(*lopm(‘nt of forms that are dc'stroyed on land. The 
abstuice of w(^athering and to a larg(^ degree of the (Tcoj) of surface layer’s on the sea 
floor should allow bold forms to {KTsist almost indefinitely that would soon crumble 
away under tlu? influence of atmosplierie attack’. It is tluTcfore quite possible 
that giillu‘s and valleys of a former land surfac(‘ may ])ersist under submarine 
conditions for a much longi‘r p(*riod than similar features on the land. Hence the 
submarine surface featun^s now' secai may r<*flcct thos(^ present on the land surface 
in the Miocene just bt-forc tlu* land was faulted down. 

The Laccadives and the Maldives which for the most part arise from two 
soparab^ plateaus (Sewell, 19, ‘15, p. 42) witli tlu^ former at a de])th of about 1,000 
fathoms and the latter about 1,900 fathoms (Gardiner, 1902, p. 296), are not exactly 
in the same alignment; the latter group of islands lie slightly displac(Kl to the east 
from a perfect N-S alignment. The ‘Nine-Degree Clianner between the two groups 
of islands may possibly r(q)r(‘S(‘nt a drowmed valley occupying a zone of an ancient 
fault line, the disphicenuuit extending ENE opposite to the Palghat Gap area. It 
has also b(5Cn suggesU^d by Davis (1928, p. 525) that the Laccadive and the Maidive 
atolls and reefs an^ pcTched on the tops of fault blocks (Sew^ell, 1935, p. 435). 

In our opinion, major elianges in sea-levels on the West Coast were caused by 
several factors including subsidence of land after the block faulting, eustatic changes 
during the Pleistocene as a rc'sult of the formation and melting of large sheets of 
land ice mostly in the northern continents, and possibly also continental flexure. 

X. Period of formation of the present West Coast and the 
PRORAHLE A(JE OF TilE PaTAJHAT GaP 

Subs(^quont to the faulting along the West Coast of the Peninsula, subsidence 
took place accompanied by brief iiuTirsions of the sea into the land. At that time 
the present West Coast region was worn back and a w^ave-ciit platform resulted 
with the formation of w^ave-built terrace in front. If this surmise is correct the 
present plains lying immediately at the foot of the ghats represent the wave-cut 
platform and the laterite uplands towTirds the coast underlain by the marine sedi- 
ments, the wave-built terrace. As tlu^ trend lines of the rocks are nearly transverse 
to the coast, drowning and marine denudation have resulted in long promontories 
alternating with narrow' estuaries. This may be seen from the projecting ridges of 
harder rocks alternating with low narrow' valleys at the foot of the ghats. As 
already pointed out by Medlicott and Blanford (1893, p. 11), the sea probably 
extended os a bay into the Palghat Gap thus augmenting the steepening of the 
walls of the gap. 

These events were follow^ed by the emergence of the West Coast which then 
began to expose the sediments deposited in the previous period. 

From fossil evidence, the age of the Quilon beds on the West Coast is believed 
to be Burdigalian (Lower Miocene; Jacob and Sastri, 1961; Eames, 1950). The 
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characteristic Lower Mioct^ne foraminifer, AuMrotrillitm houhhini recently found in 
the Qiiilon beds (Jacob and Sastri, 1951) also occur in the Miocene of Bnmeh on 
the Rjinbay coast (Rao, 1941). * It Ls beliiwed that the two patches are most 
probably of the same age (L)\\er Miocene). Near Ratnagiri also, between Quilon 
and Broach, marine Mioci^ne stHliments have been r(']>orte<i although their exact 
horizon is not definitely knonn. It would appear, thtuvibre. that the faulting along 
the West Coast took placv IxJore the Burdigalian followeil by marine incursion. 
The later emergence of the coast \Nas in All ])robabilily post-Bimligalian. 

Profiles drawn at intervals (1) from north to south across the Palghat Gap, 
and (2) from east to west along the W(*st (\)ast phiins from the sea to (lie WestcTn 
Ghats seem to indicate some minor accordance of Icm^Is below 2,000 ft. altitude 
(Text-figs. 5, fi). Thes(' levels rouglrh correspond to (‘Icvations of 1,000 ft., 750 ft., 
400 ft., and at intcr\als of 100 ft., betwinui 4<K) ft. and tlic sea-lev(4. The {K)8sibility 
cannot be overlooked that these I(‘vels may indj(‘at(' diflenuit stagi's of emergenoo 
of the coast. The presc'iice of groujis of waterfalls along certain inkTinittent 
elevations inside the gliati^ also seems to have some ridation with the suggested 
emergimce in stages (Text-figs. 7-9). Further detailed study in the field will be 
necessary InTore any (hdiiiite views may be exjirossed on the periods of emergence 
and other n^lated phenomena. 

In tlio ])re(‘eding pag(‘S wi^ have discussed at some length the jiossibic significauco 
of linear drainage jiattcTiis noticed in the Palghat Gap area, in the ho|)o that it 
may fo(*iis attcuition on the d(‘sirability of taking u]) similar studies in other parta 
of India. Much of this paper i^ soniewhat sjxa ulath e. If, however, the views put 
fi^rward. right or wrong, ser\e as a stimulus for further observations its purpose 
has Ijeen fulfilled, 

A(U<N()W LKIHIKMKNT 

We arc grat(‘ful to Dr. M. H. Krishnan, Director, G(‘ological Surv(\v of India, 
for going through tlu* papiT and making valuable suggestions. W(‘ arc' also deejily 
indebt(‘(l to Dr. J. B. Auchui, G(M)logical ISurvey of India, and to Mr. 11. Tinmaranan, 
Madras Educational S(Tvic(‘, for useful suggestions on various occasions. 


Summary 

Tho Palghat Gap which lies across the Western Ghats in. Malabar, forming the only major 
break in tho continuity of the high hills and connecting tho West Coast witli tho rest of tho 
Madras State, is a noteworthy feature in tho physiography of soutliern India. 

The physiography, general drainage, climate and tho degree of weathering of the region aro 
first described. 

The geological formations of the area Ijelong chiefly to tho Pre-Cambrian motoinorphio 
complex with a narrow belt of sedimentarios along tho coastal region. Tho Pre-Carnhriun rocks 
consist of granitoid mica-gneisses and garnetiferous gneisses traversed by broad massive bands 
and lenses of hornblende and biotite schists, granular cpiartzites, crystalline limestones and 
calc-granulites, all of whjph represent intensely folded granitized and rnotamorphozi'il remnants 
of original sediments and basic intrusive and effusive rocks. 

Tho strike and dip of tho rocks of south Madras closely follow’ tho trend lines of tho Dhar* 
warian schist belts. The gneissic and chamockitic formations with tho associated highly rncta- 
morph ic rocks probably rest on older formation and liave suffered the same dogroe of deformation 
as the latter. The general geological structure of the region is that of a series of major com- 
pressed anticlines and synclines, with minor folds on the limbs of the major ones. In conformity 
with the Dharwarian rocks, tho synclinal folds in these rocks also plunge to the north. The 
southerly loop in the strike of the rocks about the Western Ghats in the vicimty of the Palghat 
Gap thus appears to be a north -pitching synclinal fold and the northerly loop about Erode, 
Madura and Kovilpatti is a north -pitching anticlinal. r i. u 

In regard to the drainage pattern, the remarkably straight alignment of the tributary 
streams immediately to the south of the Palghat Gap area with associated waterfalls is very 
striking. One set of these lines lies in a NW-SE direction extending for nearly 64 ti^es and 
other in a N-S direction running for a distance of 32 miles. They run more or less at^ right 
angles to the strike direction of the rocks at each place, and occur in greater numbers in tho 
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north-pitching Mynclirial fold where the strike of the rocks changes from NW-SE and WNW-E8E 
to E‘W and ENE-W8W direction. The two sets converge at the western end of the Palghat Gap 
area. It is surmini'd that theix^ exi.sUMl south-east an^l south (lowing main streams which 
occupie<l thi'sii valleyM at a much higher elevation tlian at pre.sent. They w'ere probably con- 
sefpjent u|M>n the original Kh>[»o of the terrain. 8ul>«fM|uent to the faulting and tilting of the 
West (Joii.st legion, these streams might have considerably dwindled in size, probably because 
the Hca eiKToached upon the area to the west. They now wcupy the position of what are 
thought to he the old valleys of trihutarics ine<‘ting the west and north-west flowing main 
streams formed at a later jn^riod. . 

it is Muggestofl that the cornVaned basin of the Bhavani, Noyyal and Amravati which join 
the c^auvery, is a hr^aid undulating ismeplain, once occupied by a larger stream flowing east- 
wards from the ihdghat Gap aral reeeiving a nna h greater flow of water from the hills to the 
west. Aft4;r the faulting aiul the HubHe<|u<'iit tilting of (he W'est Coast re^gion there was a diminu- 
tion in the stipply of water to this Cr-(’auvery'. The^ original east-flowing riv'cr probably loft 
only a HtfH?p-Hi<le<l wiml gap. In ad<liti(in to the pronounced ea8t€>rly drainage, the probable 
pmserare of a large w(»sterly fhnving drainage systein witli its source very close to the Palghftt 
region seems to be indicabsl by the landward curvature of the batliyinetric contours in the 
region of the Arabian Sea oppoMit<i to the gap and continued VV'SW to a deep channel, ‘the Nine- 
Degns^ (flannel*, betwe<ai tiie fjucadivc and thc' Maldiv<* grt>ups of islands. This submarine 
jlepressioii may therefore indieate a submergerl rivaa* valley. The coinbinerl bead erosion of 
thew^ two oppoHiP> flowing stnaims in the Palghat Gap region rniglit liave augmented tlie forma- 
tion of the low saddle in the gap. 

The evolution of the Palghat Gap may ho said to have coramenco^l from the time of 
block faulting of the West (’oast and the pos-sible incur.sion of the sea into the region. This, 
in all likelihood, took place earlwr than the Middle Miocene, and if this surmise is correct, tho 
age of tho gap is not later than the Lower Miocene. 

Much of this paper is somewhat speculative. If, however, the views put forw'ard, right or 
wrong, servo as a stimulus for further observations its purpose has been fulfilled. 
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ON POLAR RECIPROCAL CONVEX DOMAINS 


by R. P. Bambah, ItisiitiUe for Advanced Study ^ Princeioyi, N,J,y U.S.A,^ and Punjab 

University College, Iloshiarpur, 

(Communicated by H. Gupta, F.N.I.) 

(Received Septendier 4 ; read December /, 1953.) 

1. Let k and K be two symmetrical convex domains in the plane with centres 
at the origin. Suppose k and K are polar reciprocal with respect to the unit circle 
C centred at the origin. 

I-«et A (K) be the critical determinant* of K and c(k) the covering c onstant of Jfc, 
i.c. the upper bound of the determinants of the covering lattices for k, where a 
lattice A is called a covering lattice for k if every point in the plane lies in one 
at least of the bodies obtained from k by applying to it all ]>ossible lattice translations. 
Mahler (1948) proved that 

i ^ A(A) A(**) (A) 

and that both the inequalities are best possible. 

It seems worth noticing that 

2^MK)c(k)^l, (1) 

and that both inequalities here again are best possible. 

2. In this section we prove (1). 

Write H^(K) for the area of the smallest symmetrical convex hexagon f cir- 
curascribed to K and h^(k) for the area of the largest symmetrical convex hexagon f 
inscribed in k. Then it is known that 

= ( 2 ) 

and 

c{k)^h^(k); (3) 

(2) follows from Theorem 1 of Mahler (1948) and Theorem 3 of DowkcT (1944) while 

(3) is lemma 8 of Bambah and Rogers (1952). 

Let H be the symmetrical convex hexagon circumscribed to K with ar(^a a(H) = 
Hs(K). Then H', the polar reciprocal of H, is a symmetrical conve x hexagon 
inscribed in k so that 

c(k) = h,{k) ^ a(//'), 
where a{H') is the area of H' , Consequently 

A (K) c{k) = iHs(K) h,{k) ^ ia{H) a(H') ^ 2 ; . . . . (4) 

the last inequality following from inequalities A of Mahler (1948). 


♦ For definition see e.g., K. Mahler, Proc. Royal Soc., A, 187 (1946), 151. 
f By a hexagon we mean a polygon with at most six sides. 
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Now suj)f)osc h irt tli(^ convex symmetrical hexagon of area a{h) = h^{k) inscribed 
in k, Thi-n h\ its {>olar n'ciprocal, is a convex s^metrical hexagon circumscribed 
U) K, so that 

A(/0 = \HAK) < \a(K). 

whorr a{h') is the area of A'. Th(‘refore we have 

A (A') c{k) = \H,{K) K,{k) ^ \a{h') a{h) (6) 

the last irie(iuality following from inequalities A of Mahler (1948). 

(4) and (5) together prove (1). 

L< t k and K be the squares : 

k: K : (a;l + (y)^I. 

Tluiii 

c{k) = 4, A (A') = i and c(k) £^(K) = 2 (6) 

If k and A' lx <j(.in(i tho unit circle or the regular hexagon inscribed in the unit 
circle and its polar reciprocal, tlien 

c(fe) = = 

and 

c(fc)A(/v) = ^, (7) 

which toge-thi^r with (b) shows that the inequalities (1) are best possible. 

d. b'roiii the W(dl-kiiowu results 

3 "'^' V{K) ^ c(K) ^ V(K) (Rogers), 

^ ^ Ca {k) ^ V{lc)y Urt~> 4-921 as 71 -> 00 

a,, 

^ (Minkowski and Davenport-Rogers) 


(wl n") 


^ V{k)V{K) ^J' 


(Dvoretzky Rogers and Santalo) 

ineqmdhics for rS' ” dimensions), one can find analogous 

bodLs k Hiwl AT 1 * polar reciprocal symmetrical convex 

bod.es k aud A n, « dun. ns.ons but they appear to be far from best possible. 
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NOTE ON THE VIBRATION SPECTRUM OF A CRYSTAL 
by R. E. Peierls, Professor of Maiheimiticul Physics, Unircrsity of Birmtmj ham, 
(Communicated by D. 8. Kothari, F.N.I.) 

[Received November 26 ; read December /, 

The purpose of this note is to present a simple proof of the rule usually Riven 
for obtaining the spectrum of normal frequencies of a, crystal. The rule is that the 
•distribution of frequencies is the same as those* of a hypothetical crystal satisfyinff 
the ‘cyclic boundary condition*. We shall in the folloWing refer to tiie hypotlu'tical 
case as the ‘mathematical crystal’. 

Arguments for this rule have been given in many contexts, the most complete 
proof being probably that given by Ledermann (1944) but, in view of the faet that 
there is still some controversy about it, it may bo useful to give yet another proof, 
based on a more physical reasoning. 

For our purpose ‘spectrum’ refers merely to the position of the characteristic 
frequencies. No statement is implied about their occurrence in the omission, 
absorption or scattering of light. 

Tlio rule must be understood with the following limitations : (a) it is not 
claimed that the normal modes of the mathematical crystal arc id(uitical with 
those of the real crystal. (6) It is not claimed that the exact values of the 
frequencies are the same in both cases, but merely that the distribution, i.e. the 
average number in a frequency interval dw large enough to contJiin many frequem- 
cies is the same in the two cases to the leading order in N, where N is the linear 
dimension of the crystal in terms of the lattice spacing. Our argument will bo 
formulated to cover three dimensions and the presence of several atoms in the 
unit cell. This will make our notation somewhat cumbersome ; to avoid adding to 
the formal complications we assume the lattice to be of cubic symmetry and take 
a unit cell of cubic shape. We also assume the crystal to be a cube with its edges 
along the crystal axes. The argument could easily be freed also from these 
restrictions, at the expense of some slight further complexity of notation. 

The idea of the proof is to show a connection between the frequency distribu- 
tion and the propagation of disturbances through the crystal. In particular, from 
the knowledge of the propagation of disturbances over times up to a certain time 
T, we can uniquely determine the frequency distribution except for its fine structure 
which concerns frequency intervals less than l/r. Now for a disturbance starting 
from a point distant I from the nearest surface, the propagation will bo the same 
as in an infinite crystal for a time less then Z/c, where c is the maximum velocity 
of sound. Hence, for a crystal dimension of 1 cm., and with c ^ 10'', Ijc will be of 
the order of 10“*^ sec., and larger than say, 10“^^ sec., for practically all the 
crystal. It follows therefore that over such times the propagation of disturbances 
is the same in the mathematical and the real crystal, and hence that the frequency 
distribution for the two is the same except for oscillations in frequency intervals 
of the order of 10^^ sec.-i, (corresponding in spectroscopic terminology to about 
•06 cm.~i). 

A very similar reasoning was used in an earlier paper (Peierls, 1936) concerned 
with justifying the cyclic boundary condition in the derivation of the equation of 
state of a relativistic gas. There are, however, some minor differences between the 
two problems, the crystal problem being, on the whole, the simpler one, and it is 
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thcreforo oiiBi<‘st to <;xplain the method anew, rather than to rely on the results of 

the earlier paper. . • • »t n 

We aH.BUtne oiir crystal to be a cube, each side containing N cells, so that each 

cell can be enunierateii by three int(;gcrs, 

1 tj j , Wg , Wg N .*•• •• • 

We label the portitioii of an atom within thb cell by a, 

\ <,8 <,p 

The throe eo-ordinatCH will be di.stingiiished by a suffix p 

p = x,y,z 


( 1 ) 

( 2 ) 


Then, if the p-th co-ordinate of the «-th atom in cell ^ at time t is denoted by 
Xpg(n, t), a normal vibration is given by 

Xpx Uh t) = (m) cos (tua, t-y^) (4) 

JI( ;n; a hibflH (lid normal modes 

I < a < ^pN (6) 


(x}^ is the ( orreyponding (circuLir) fn^queney ; is a phase. The coefficients and 
the fn'qiiencie.s ari', in priiu itih , to be found from the equations of motion and the 
boundary conditions. 

li is known from gemTal theory that the amplitudes a are orthogonal in the 
senst? that 

2, 2 = 0, a ^ 

p n 


m, being the mass of the s-th atom. They can be normalized so as to make the 
sum equal to unity wlu^n a = ; with that convention we have 

222 

P S 11 

^(xp Ibe Kroiiecker symbol, as usual. 

Conversely it follows that 






(7) 


We now want to consider the distribution of frequencies . To find the 

number of frequencies witliiu the interval co+JJ, a> — wo should obtain the 
quantity 

F(w) co) .. .. .. (8) 

a 


where 
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However, this definition is not convenient, because of the discontinuity, which 
means that^ whether a certain fr^'qut'noy is counted or not depends on its precise 
value. It is therefore more convenient to usi^ a smooth weight function for D 
to which we give the following properties : 

p 

Z)(ar) dx = A (9) 


jD(a:)<l if x> J (10) 

In addition, D(x) is to be a smooth futiction so that its Fourier transform con- 
verges rapidly ; if 


9{t) = 


2tr 


e D{(o) do}\ D((jo) = 


-fITW . . , 

e g(r)dr,. 


the condition 


g(T) < J if T > 


( 11 ) 

(12) 


is compatible with (9) and (10). For instance, a possible choice of D is 


D(x)=^ 


1 

V2^ 




; 9(r) = 


A -J*Ta/2 

2n^ 


It is clear that, with this d('finition of D, the expression (8) represents the 
spe ctrum of vibrations except for the fine structure, provided A is small compared 
to the maximum frequency . 

It will be convenient in the following to replace -F(a>) by 


G{oj) = jF(co)+F( — co) 


= 2 J .. .. .. (13) 

a 


Because of (10) the extra term vanishes in fact, unless we are concerned with the 
very low-frequency end of the spectrum, wliere w ^ Ay otherwise, since the arc 
positive, a>+a>Qj will certainly appreciably exceed A . 

Now insert the Fourier transform (11) 


O(co) = 2 J [e*"*’’ e 


+e 




■¥i(or 

e 


] 


-i' 


&T 2g{r) cos uyr y e 
a 


■2' 


IWyT 


.. (14) 


If D{x) is an even function, g{T) will also be even, so that (14) can also be written 
as 


i^OO 

dr g{r) cos COT 
J n a 


2 cos a>^T . . 


Q{o>) « 4 


.. (16) 
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However, beoauae of (12) it is sufScient to include Fourier components belonging 
to values of r not much greater than l/J, stiy up to fjA, where e is a numerical 
constant. We write 


0(w) = 4 


r«/J 

dr g(r) cos iuT 0(t) 


^ 0 


.. ( 16 ) 


where 


<P(r) = 2 cos cug^r, T < «/J 


.. (17) 


Now we show that <P(t) ha.s a simple physical significance. For this purpose use 
the identity (6) to write (17) as 


4>(t) = 22 

a pt s^n 


==^<f>psn(r) (18) 

psn 

with 

M = 2 cos a>„T (19) 

a 

TIuh quant ity han the foilowinjz meaning: Let at t=() all atoms be in their equilibrium 
yxiHitions except tliat the atom in cell n is displaced by an infinitesimal 
amount 8 in the p direction, und is there released from rest. Then the value of 
the p-tii co-ordinal(^ of this atom at time r is exactly 8 . (t) . 

l\i see this, remember that tiu^ general solution of the equation of the motion 
is given by 

<) = 2 V (26) 

a 

tlie Cjj and being arbitrary . 

We require t hat solution for which all atoms are at rest at 1 = 0, w'hich 
requires that all = 0. 

Furthermore, to satisfy given initial values (q, 0) 



* • 

a 


We can solve this for in the usual way using the orthogonality relation (6). 
Multiply (21) by a particular (n) and by and sum : 

“ 2 2 

p, s n 

Insert in (20) 

(o> ~ 2 2 
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(23) expresses generally the co-oi'diuates of any atom at time t in terms of those of 
all atoms at time 0 . If at time 0 only one oo-ordinate is disturbtHi, tlie sum on 
the right contains only one term, and the same co-ordinate at time t becomes then 

0 = (v, 0 ) 2 (^) (u) cos u}yt 

<x 

which by comparison with (19) is 


9 ) (t) 

This proves our statement about flie . 

Now it is known that a disturbance will propagati^ in the main with the group 
vehxaty, and that at time t a disturbance starting from call n will bc' negligible 
at all points in the lattice distant more than ct from n, whc're c is thc^ greatest 
value of the group velocity (for either the ‘acoustic* or ‘optical* branches). Its 
order of magnitude is the same as that of ordinary sound velocity. 

To be precise one should remember that in a dispiTsive medium there exist 
‘precursor* signals preceding the main front, which advances with maximum 
group velocity. However, their amplitude diminishes exponentially ^^ith the 
distance from the front. 

Now compare the value of {t) with the same quantity for an infinit<^ 
crystal. Let the distance of cell from the boundary of the actual crystal be . 
Then the solution of the time-dependent equations for the infinite crystal will 
almost satisfy the boundary conditions if l„> ct , Th(^ amplitude at the boundary 
will depend exponentially on To satisfy the boundary conditions exactly we must 
add a reflected wave of similar amplitude, and its amplitude at cell ^ will, in fact, 
vary exponentially with 21^-— ct . Hence the difference between (f> and 
decreases exponentially with 2/„— . 

Now divide the crystal into an interior and a surface part, the ‘surface* part 
extending to a depth where )3 is a suitable small number. The total contri- 
bution from the ‘surface* terms to the sum (18) is then of the order of com- 

pared to a total of and their omission represents a relative error of the order Qfi . 
On the other hand, the remaining ‘internal’ terms belong to points distant from 
the surface by more than fiN atoms and their contribution is therefore equal to 
those of an infinite crystal except for corrections decreasing exponentially with 

2 pNa^ct (24) 

Except for these errors, the (f) functions are the same os for an infinite crystal and 
tUso the same as for the ‘mathematical* crystal with the cyclic boundary condi- 
tion for which it is easy to write down the spectrum explicitly.^ 

(It is equally easy to write down expressions for the <i>p» ( 2 j) f<ir the infinite 
crystal directly and thus evaluate the spectrum of a finite crystal without using 
the cyclic boundary condition at all ; the answer is, of course, just the same.) 

To illustracto the quantitative side, assume a crystal of 1 cm. thickness 
{N ^ 108) . Choose = 10*"^ and r = 10*^® sec. assuming c to be about 10^ cm./seo. 

Then the omission of surface atoms in the sum (18) causes a relative error of 
0)3 ^ '06% . The boundary correction for the <f> for an internal point is an 
exponential function of (24) in which the positive term is at least 10 and the 
negative at most 10*® . Hence we get an exponential function of an argument 
10*'^ cm. or 10* lattice constants. Both these errors are therefore negligible for 
practical purposes. 
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Oti the other band, oar choice of r means that in the Fourier integral (16) we 
lose ooinjx>nentH with t > 10“*® sec. and therefole the fine structure of the spec- 
trum 0(w) over frequency ranges less than d — ^ ~ 10*® sec. In spectroscopic 

language this corresponds to about 10'®/2wc^ • 06 cm.“*« (c^ being the light 
velocity) a fine structure which would not normally be resfdved if it existed. 
Clearly these numbers represent generous limits and much closer estimates could be 
obtained. 
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EMBRYOLOGICAL STUDIES IN MALVACEAE. 

I. Dkvelopment of Qamktophytrs 
//// C. Venkata Rao, Department of Botanj/, Andhra Universitp, Walfair 
(Comnumicatod by A. C. Joshi, F.N.Fd 
(Received November 7/, 7.9.5 i; afler revision Aucpuit 12 ; read October .9, /95d) 

Introduction 

The family Malvaceae comprising 50 genera and about 1,000 species (Rendlo, 
1938), is better known embryologically than the remaining families of Malvales 
nr Columniferae. The observations of the previous investigators like Warming 
(1873), Jonsson (1879), Strasburger (1884), Hegelmaier (1885), Hofrneister (1849), 
Guignard (1893, 1900, 1904), Byxbee (1900), Lantis (1912), Woyeicki (1911, etc.), 
Yamaha (1926), Youngman (1927) and others, have been summarized by Schnarf 
(1931). Stenar’s (1925) work is the most extensive and covers about 25 species 
distributed over a dozen genera. On account of its economic importance, the 
genus Oossypium has received the special attention of morphologists, cytologists 
as well as embryologists like Cannon (1903), Balls (1906), Denham (1924a, 19247>), 
Kearney and Harrison (1924), Beal (1928), Banerji (1929), Singh (1931), Baritt 
(1932), Gore (1932), Harland (1932), A 3 ryar and Ayyangar (1933), Longley (1933), 
Skovsted (1933), Gulati (1934), Jacob (1942), etc. The cytology of several other 
members of the family was studied by Youngman (1931), Burkett (1932), Ke^seler 
(1932), Latter (1932), Davie (1933) and L. N. Rao (1941). The pollen grains are 
especially large and suitable for intensive study; Lang (1937) investigated their 
morphology and cell inclusions and Iyengar (1938) studied the pollen tubes of 
Gossypium. Reeves (1936) made a special study of the seed anatomy of several 
members of the family. 

In all species investigated, the cells of the anther tapetum which are sometimes 
multinucleate, form a periplasmodium. In some members like Malva species, 
Lavatera trimestris, Anoda cristata^ Sidalcea Candida and Oossypium herbaoeum, the 
pollen mother cells stand in a uniseriate manner in the anther loculus while in others 
like Malvastrum capense, Sida napacea, AbiUilon Theophrasti, they undergo a 
secondary increase and stand in a multiseriate manner. In the last named species, 
Lantis (1912) described that every primary sporogenous cell gives rise to four 
microsporogenous cells.. Cytokinesis takes place by furrowing. Though usually 
the i>ollen grains are shed at the 2-nucleate stage, Woyeicki (1911) found that in 
Malva silvestris, M, rotundifolia and AUhaea officinalis 10-20% of the grains become 
3-nucleate. Guignard (1904) noticed the division of generative nucleus in the 
pollen tube in Althaea, Hibiscus and Lavatera, 

The ovules are bitegmic, crassinucellate and slightly or markedly campylo- 
tropous. In Gossypium species (O. peruvianum, O, barbadense and O. hirsvium, 
Gore, 1932), and Thespesia (Reeves, 1936), the ovules are anatropous. Stenar 
(1925) as well as the previous investigators reported that the archesporium of the 
ovule consists of a single sub-epidermal cell. The primary parietal cell cut off to 
the outside gives rise to several layers of parietal cells, while the epidermis it^lf 
forms a massive nucellar cap. Stenar (1925) drew attention to one interesting 
feature which occurs in several Malvaceae namely one or more parietal cells 
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secondarily aBsnrae ihi^ characters of sporogenous cells. These are distinguished as 
‘accessory sporogenous cells’ from those which (unction from the beginning which 
arc l(^rmV(l ‘delinitivf^ (-(‘lls’. These cells function till the tetrad stage or early 

embryo sacs. Tlui occurrence of these cells, however, is variable even within a 

giuius Iik(.* Malva. Both linear and T-shapc^d tetrads occur and the chalazal 
nicgaspon* (h‘.v(jlop8 into the embryo sac according to the iSTormaZ-type. The report 
fif Balls (M)Ob) that in cotton the micropylar megaspore functions, was contradicted 
by Gore (1932) who found that in all the three species of Gossypium investigated 
by Inm only the chalazal megasyicre functioned. Since there was only one megaspore 
motfier cell to start with, Gore (1932) attributed the occasional occurrence of two 
embryo sacs in one ovuh^ of cotton, to the functioning of two megaspores of the 
same tijtrad. Tho synergids are reported to* show a filiform apparatus only in 

cotton (Gon^, 1932). Usually the polar nuclei fuse only at the time of fertilization, 

though in lavatera thurhujiaca (8tcnar, 1925), they were found to fuse earlier. 
SufKT-nunu'rary arul binucleate antipodals were recorded in Lavatera thuringidca, 
Anodn hcuilata and A, crinpa. 8tar(;h grains are absent from the embryo sac (Stenar, 
1925) but f)r<\sent in the c(*lls of plac(uita, chalaza and integument of cotton (Gore, 
1932). 

Th(* (un(‘rgcnc(‘ of pollen tubes is polysiphonous. Stenar (1925) counted up 
to 14 polhui tub(‘s in pollen grains of Malva neglecta germinating on the stigma, 
vvhih; I^ang (19.37) counted 20-30 tubes from a single grain of Anoda hastata and 
Lavatrra species g(‘rminating in artificial medium. The tubes traverse endo- 
tnjpically through tin; transmitting tissue of the stylo which is richly supplied with 
Htarcii grains. The distal [)art of tlio tube is closed off with callose plugs and usually 
the vt^gctative nuchuis disintegrates in situ (Iyengar, 1938). More than one pollen 
tube was sfuai to ciitiT an ovule, though polyspermy was not noticed. Guignard 
(1904) as w(4i as Stimar (1925) observed that the pollen tube branches in the region 
of th(^ nucellus. 

Endosperm is uuc^lear and cell wall formation commences after a large number 
of nucl(‘i are formed, 

A ixTusal of th(^ previous literature show's that while the development of the 
garnet ophyU's and iertilization were studied in some detail, comparatively little 
atU’iition w^as paid to tier study of the embryogeny. The only complete account 
ot this phase* is that of Soueges (1922) in Malva rotundifolia. The embryo in this 
spt'cies devi'lops aec'ording to the Astrerad Typo and resembles closely that in 
IJrtica pilulifcra (Soueges, 1921); Joliansen (1950) classed it in the Urtica variation 
of the Asterad Ty|.H\ 

This paper deals with the development and structure of the anther, pollen, 
ovule and embryo sac in the following 15 species of Malvaceae distributed in II 
genera. 

Malveak: Sidn cordijolia L., S, carpmifolia L., 3, veronicaefoUa L. (= humilis 
Willd.), Abuiiloji indicum G, Don., AUJiaea rosea Cav., and Kydia calycina 
Koxb. 

Urenkak: Ureiia lobata L., Malvaviscus arboreus Cav., Pavonia zeylanica L., 
Malachra capitata L. 

Hibisceak: Hibiscus solandra L. Kerit., //. rnicranihus L., H. hirtus L., Ablemoschus 
esculenius (L.) Moench. (= Hibiscus esculentus in older system of nomenclature 
ef. Pal, Singh and V ishnu Swamp, 1952) and Thespesia populnea Corr. 

Matkiuals and Methods 

Malvaviscus arboreus and Hibiscus hirtus are grown commonly as garden plants 
in S. India and Thespesia populnea as an avenue tree. The material of Kydia 

IB 
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calycina was collected from Aiiantagiri hills, Visakhapatnam district, where the 
plants grow wild. The materials^ of Urena lobata and Malachra capitata were 
coliecti. 1 from Kakinada and the rest locally. Fonnalin-acetic-alcohol was used 
as the lixative. After following the customary methods of dehydration and in- 
filtration, the material was embedded in paraffiirwax. Delafield’s and Heidenhain^s 
haematoxylin were used as stains, of which the former gave more satisfactory 
results. Addition of a pinch of safranin powder to material in 1 : I alcohol xylol 
mixture proved useful in locating the tannin bearing and starch containing colls 
and also in bringing out more prominently the pollen tubes. 

. J'lowers 

The flowers present typical malvaccous features. The flowers of Kydia calycina 
are polygamous. The staminodes of the female flowers show abortive pollen grains. 
The ovules of pistillode degenerate after the embryo sac is fully formed. Unlike 
in the bisexual and female flowers, the stylo in the male flowers remains included 
in the staminal tube (Figs. 65, 66). In Kydia, there are 3 carpels; in the different 
species of Sida studied they range from 5~10; in Ahutilon and Althaea they are 
numerous and in the rest five. Multicellular hairs are present on sepals, bases of 
petals, staminal tube and ovary wall. 

Organogeny 

The sequence in the development of floral organs is: epicalyx (where present), 
calyx, corolla plus androecium and lastly gynoocium. In Malvatn,^CMS arboreus 
(Figs. 8-10) which has epicalyx, the bracteoles arise on the convex floral primordiuin 
and reach a considerable size before the appearance of the s(q)als. To the inside 
of the latter arises an annular zone which represents the common prirnordium of 
the corolla and androecium. In Sida cordifolia (Figs. 1-7) which has no epicalyx, 
the sepals attain a considerable size before the x>riRiGrdia of petals and stamens 
arise. In Malvaviscus arboreas when the common corolla androecium prirnordium 
has attained the height of sepals, the primordia of the five petals appear on its 
outer surface (Fig. 9), while the inner zone continues to grow up and gives rise to the 
stamen primordia later (Fig. 10). As in Sterculiaceac, the petals grow in a tardy 
manner initially; they do not cover up the essential organs, protection being given 
by calyx and epicalyx (Figs. 4, 11, 12). After the sporogenous cells are organised 
in the anthers, the apex of the floral axis which is still convex, becomes cup-shaped 
and develops into the ovary. It becomes lobed and the infolded carpellary margins 
later develop into septa, while the rim of the cup closes and grows up to form the 
style. The style is hollow to start with in all species; in Abutilon and Althaea, it 
remains hollow even in the open flower while in others it becomes solid. 

There are two kinds of styles in Malvaceae which show interesting features of 
development; terminal as in Hibiscus and gynobasic as in Sida, Althaea and Abutilon, 
In Hibiscus, the rim of the cup-shaped ovary prirnordium grows upwards without 
bending and cleaves at the top into the stigmatic branches. The ovules arise on 
the inner margins of carpellary wall (Fig. 14). In Sida cordifolia (Figs. 6-7) and 
Althaea rosea (Fig. 13), the central part of the ovarian cup grows to form a lobed 
column simultaneously as the rim of the cup grows to form the style. From the 
apex of the central column the ovule primordia arise and bend into the loculus 
so that the ovules are pendulous. The basal part of the stylar region bends inwards 
so as to touch the placental column (Figs. 5, 13). The line of contact between the 
two can be clearly seen even in the mature ovary of Sida (Fig. 7). In this genus, 
the top of each carpel grows to form two spinescent processes making the style in 
the open flowers relatively more deep seated. So the g 5 niobasic style is also terminal 
in origin but establishes contact with the base of the ovary by bending inwards at 
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Fios. 1-7. Organogeny of flower and devolopnieiit of ovary and ovule of Sidci cordifolia. 
Figs. l-3» X46; Figs. 4-7, x 30. 

Figs. 8-10. Organogeny of flower of Malvaviscus arboreus, x30. 

Flo. 1 1, L.s. of flower of Pavonia zcylanica, x30. 

Fios. 12 and 13. L.s. of flower and ovary of Althaea rosea, x 10 and x45 respectively. 

Fio. 14. L.s. of ovary of Hibiscus hirtus. x 35. 


lo^a 



Fios. 15-32. Microsporogenesis and male gametophyte in Malvaceae. Fig. 15. Tm. 
anther of Sida cordifolia* x400. Fig. 16. L.s. of anther of Sida car pinif alia, 

Fig. 17. T-8. of ol4er anther lobe of 8. cqrdifolia. X 400. Fig. 18. A bilateral tetrad of 

(Continued at foot of next page,) 
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base. In Malachra cdpitata, the style is terminal as in Hibiscus to start with, but 
l>eeome8 slightly gynobasic in the open flower not by bending of the base of style 
but duo to the growth of the apex of each carpel (Figs. 109, 110). The gynoecium 
in Ahutilon indicum is interesting since in each loculus occur ovules which are 
[K^ndulous (<'iH in Sida and Althaea) as well as horizontal and descending (as in 
The Hfasun for this becomes evident by a study of the development of 
the ovary. As in tSida and Althaea the stylo is gynobasic. The axial part of the 
ovary gn»wa slightly not in the form of a solid column as in the above genera but 
as a cup, and bears one tier of ovules which are pendulous. In addition to these, 
th (5 margins of (tach carpel bear two ovules which are variously inclined. The rim 
of the ovarian [)rimordium bends inwards and again grows up to form the open style. 
In tli(; early stages, there is a large space between the placental column and base 
of th(‘ style, which becomes smaller in the open flower. Several multicellular hairs 
aris(‘ from the base of the style and project into this cavity and function as obturator 
(Figs. 88, 89). 

Mjcrosporogknesis and Male Gametophyte 

As the anthers are rnonothecous, the archesporium differentiates only at two 
j)la<‘(^H in the anther primordium. At each place there are one or two rows of cells 
(Figs. 15,25). The numlxT of cells in a row varies with the size of the anther; in 
Sida cordi folia (Fig. Ifl) there are about five cells; in Ahutilon indicum (Fig. 22) about 
10 cells and in Pavonia zeylanica (Fig. 26), about 15 cells in a row. The cells divide 
[)(‘riclifu.illy a!id givey rise to the primary parietal cells to the outside and the y)rimary 
sporogenous cells to the inside (Fig. 15). Divisions in the primary parietal cells and 
tlieir d('rivativ(‘s result usually in the formation of three layers of wall colls below 
the epid(U’mis (Figs. 1(), 17, 24-27). The epidermal cells become tangentially 
str(yt(‘hed and accumulate some deep-staining contents probably tannin (Fig. 23). 

hvpod(‘rmal layer develops into the fibrous endothecium and the innermost 
wall lay(T forins the tapetum while the middle layers ultimately got crushed. Some 
of the c(41s of tlie tapetum divide periclinally and make it two-layered at plact^s 
(Fig. 27). 

In all sptH ics iiiv('stigated, the tapetum is of the plasmodial type, a feature 
reported in all the pnyviously investigated members (Sclinarf, 1931). The tapetal 
C(‘lls enlarg(‘ considerably and take deeper stain at all stages of development, than 
th(^ sf)orocytt‘s. Tluar nuchn undergo the first mitotic division when the micro- 
s[)oro(yvt('s ar(i in j)rophase I and most of the cells remain binucleate. In a few 
cells, however, mitotic divisions continue (Fig. 29), as a result of w^hich they become 
3-20 nuchMit(‘. Such cells are more frequently met with in Hibiscus solandra (Fig. 30) 
and Malraviscns arhoreus (Fig. 32). In some cells, the nuclei again fuse to form 
large multinucleolat(y polyploid nuclei (Fig. 31). As the meiotic divisions proceed 
in tiu' sporocytes, t he tapetal cells separate out as a layer from the wall cells (Figs. 17, 
27), After the polhai grains grow to some extent and produce the exine with its 
spinescent outgrow ths, the walls of the tapetal cells break down and the protoplasts 
which remain intact, w^ander into the loculus and closely surround the pollen grains 


(Continued from foot of previous page.) 

S, cordifolia. x400. Fig, 19. One nucleate pollen grain of S. cordifolia surrounded by 
poriplosmodium. x336. Fig, 20. Two-nucleato p)ollen grain of S. earpinifolia with 
remnants of periplasraodium. x220. Fig. 21. Mature pollen grain of 5. veronicae folia, 
x220. h5gs. 22 and 23. L.s. and t.s. of anther lobe of AbtUUon indicum. Fig. 22, 
X400; Fig. 23, x335. Fig. 24. Older anther of Ahutilon indicum showing 1-nucleato 
pollen grains and poriplasmodium. x220. Figs. 25 and 26. T.8. and l.s. of anther lobe 

of Pavonia zeylanica. Fig. 25, x336; Fig. 26, X 195. Fig. 27. T.s. of young anther of 
Althaea tveea, x336. Fig. 28. Pollen grains of Althciea rosea surrounded by peri- 
plasmodium. x335. Figs. 29 and 30. Tapetal cells of Hibiscus hirtus, x400. 
Figs. 31 and 32. Tapetal cells of Malvamscus arhoreus, x400. 
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Fios. 33-48. Microsporogenosis and male garnet ophyte in Malvaceae. Figs. 33-36. 

and tetrahedral tetrads in Hibiscus hirtua, x425. Fig. 37. A linear tetrad oi Hibiscus 
hirtus, x356. Fig. 38. Two nucleate pollen grain of Hibiscus micranthus, note 
generative cytoplasm. X 425. Fig. 39. Two nucleate pollen gram of //. b^irtus. X 
Fig. 40. Microspores of Urena lohcUa being liberated from special wall. X 425. 
and 42. Young and mature pollen grains of Malachra capitata. x285. hig. 43. iwo 
nucleate pollen grain of Pavonia zeylanica. x285. Jigs. 44-47. Polen ^ 

Kydia calycina. X 285. Fig. 48. Abortive pollen grain of HiHscus solandra. X 

(Figs. 24, 28). It is evident from this that the tapetum does not initiate the sculp- 
turing of the exine. The exine and the rudiments of the spines and j^res are 
already apparent on the microspores even before the latter are liberated from e 
special wall (Figs. 40, 41). It is possible, however, that the periplasmodium may 
hasten the further growth of the exine because both the exine and 
seen to show sudden and considerable growth after this stage (Figs. 19, 2 ). ft 
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becomes clear on comparing the pollen grains of the tFO loctdi of the same anther, 
^ the microspores enlarge, the protoplasts of the tapetal cells which still retain 
their individuality, become smallen and smaller and ultimately they get absorbed 
(Figs. 19-21). They may disappear even before the microsporo niicknis luis divided 
as in Urena lobata, or their remnants may pt^rsist till the p<dlou grains have become 
2-nucleate and nearly mature tis in Sida carpinifolia (Fig. 20) and Pavonia zeylanicu 
(Fig. 43). 

In some species like Altlmeu rosea, Pavonia zeylanka and Sida cordifolia, the 
primary sporogenous cells function directly as microspe^n^ mother cells, while in 
others like Abutilon indimm they imdergo a few mitotic divisions to increase the 
number of sporogenous cells. In the latter case, the sporogenous cells are arrange<l 
in several rows (Fig. 23). In any ca^e, the number of sporogenous cells per loculus 
is much smaller than in other families of the order and tlu^ir size larger. Their 
nucleoli show densely chromatic perijiheral and a vacuole like central region inside 
which there may be a crystalline body as also reported by L. N. Rao (1941) in 
Hibiscus trionum, UsiiaUy the microspores are arranged in a tetrahedral manner 
(Figs. 35, 36), bilateral tetrads being noticed occasionally (Figs. 18, 33, 34). One 
ease of linear tetrad was found in Hibiscus solandra (Fig. 37). The wall of the 
microsporocyte lasts till telophase II and before this lias broken down, tlu^ ])rotoplast 
gets invested by a special wall of callose (Fig. 33). The secondary spindh^ fibres 
which connect the tetrad of nuclei play no part in cytokinesis; oven bcdorc^ they 
disappear, furrows develop in the pcTiphory of the cytoplasm and wedg(\s of special 
wall follow them till they meet at the centre and encircle the raicrospores comj)lotoly 
(Figs. 35, 36). L. N. Rao (1941) believes that the special wall plays some part in 
the formation of the spore coat since its transparency increases as tlie exino and 
the sculpturing become more and more prominent. 

The nucleus of the microsporo undergoes division while the cytoplasm is still 
viicuolatcd. Within a short time of its formation, the partition between the two 
cells gives way and the generative cell migrates into the vegetative cytoplasm. In 
the early stages, the generative cytoplasm can bo seen as a relatively hyaline sheath 
around the nucleus (Figs. 38, 44), which is brought out more clearly in preparations 
stained in Delaficld’s haematoxylin. In course of time, it becomes obscun'. due to 
the accumulation of numerous starch grains and protein granules in the vegetative 
cytoplasm. 

Various kinds of cell inclusions are noticed in the cytoplasm of the pollen grain, 
namely fat, proteins and starch grains of which the last are most abundant. Th(\y 
vary in their size and shape, being irregular, dumb-bell shaped, circular and leriti- 
(nilar. Sometimes an oily matter is secreted by the protoplast which atjcumulatcs 
on the exine in the shape of droplets and makes the pollen grains stick together. 

Usually the pollen grains are shed at the 2-nuclcato stage (Figs. 39, 42). 
Ill the mature pollen grains of Sida veronicaefolia (Fig. 21) and Kydia calycirut 
(Fig. 45), the generative nucleus become^s ellipsoidal and attains .the prometaphaso 
stage. It is surrounded at the sides by the hyaline generative cytoplasm; at the 
two ends are seen conical caps of relatively deep staining cytoplasm (Fig, 45), thus 
presenting a structure closely similar to what was observed in Triumfetta rhomboidea 
(C. V. Rao and K. V. S. Rao, 1952). In a few pollen grains of Kydia calycirui, the 
generative nucleus divided and formed 2 spherical male nuclei (Figs. 46, 47). The 
pollen grains are relatively large and range from 60 y as in Abutilon indicum to 120 p 
as in Hibiscus solandra. In several species, some degenerating pollen grains wliich 
are probably formed as a result of irregular meiotic divisions, are found associated 
with normal ones (Fig. 48). 

The pollen grains are spinescent and multiporate. The spines may bo long, 
tapering and sparse as in Hibiscus, or short, somewhat blunt, broad based and closely 
set as in Sid<i. The exine is thick, ranging from 6 /u as in Sida to 10-12 /i as in 
^lalachra capitaia. In general, it shows two layers : an inner thicker, homogeneous, 
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tioa. , 18^-64. ^iila veronicaefolia. Fig. 58. Young ovule with definitive and accessory megas- 
pore mother colls; note devolopmont of obturator, x 106. Fig. 59. Nucellus showing 
T-ahaped tetrad (of which one raegaspore is out of focus) and an accessory sporogenous 
cell. x400. P^iga. 60 and 61. Linear tetrads and accessory sporogenous cells. x400. 

Mature ovule with obturator. x65. Fig* 03. Antipodals. x666. 
Fig. 04. Mioropylar part of the ovule magnifie<l to show the obturator and micropyle. 
X 265. 

P'los. 6^71. Kydxa ccducina. Figs. 65 and 66. L.s. of bisexual and male flowers, x 10. 
Fig. 67. ISvo collaterally placed tetrads from one ovule, of which the lowest mega>spores 
have formed 1- tod 2.nucleate embryo sacs. x400. Fig. 68. Nucellus with 2 embryo 
sacs. X 265. Fig. 69. Two 2-nucleato embryo sacs from one ovule, x 400. Fig. 70. 
Two superposed 8-nucleate embryo sacs from one ovule. x265. Fig. 71. Two colla- 
terally placed mature embryo sacs from one ovule, x 400. 



Flos. 72-87. Althea rosea. Fig. 72. L.s. loculus of ovary showing ovule primordium. X 140« 
Fig. 73. Ovule primordium showing multicellular archesporium. x425. Figs. 74 and 
75. Nucelli showing definitive megaspore mother cell and development of accessory 
sporogenous cells. x425. Figs. 76-79. Formation of dyads and tetrads by the de- 
finitive meg6ispore mother cells. x426. Figs. 80-82. Development of embiyo sacs. 
x285. Fig. 83. Nucellus with 1- and 2- nucleate embryo sacs and degenerating cells. 
X 285. Fig. 84. L.s. of ovule with embryo sac. X 30. Fig. 85. Micropylar part of 
embryo sac. xI65. Figs. 86 and 87. Antipodals. x715. 
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nou-8tainable zone and* an outer thinner stainable one in which bar-like striations 
are clearly seen. These project to the outside and present a granular or reticulate 
pattern to the surface view. Like the spines, the germ pores are distributed imi- 
formly on the exine. Applying the theory put forward by Wodehouse (1936) in 
case of Chenopodiaceae and Polygonaceae, Lang (1937) concluded that the pores 
in Malvaceae are morphologically equivalent to furrows which have become so 
shorteru^fl as to coincide in extent with their enclosed germ pores. Evidence for 
this was found in pollen grains of Hibiscus vitaefolius in which the pore was sur- 
rounded by a circular depression. From an intensive study of pollen grain characters, 
Lang (1937) believes that the length of spines and their shape, their distance apart, 
number, size and distribution of* th(" germ pores, the relation they bear to the 
spines and the nature of starch grains stored within, are useful characters for 
distinguishing genera and even spc-cies. 

Ovule 

In all species studied, the ovul(\s are bitegmic and crassinucellate. In Kydia 
calycina (Fig. 65) and Thespesin populnm (Figs. 133, 136), they are anatropous and in 
the rest slightly or markedly carnpylotropous. The initials for both the integu- 
ments arise when the arctlicsporium differentiates in the ovule (Figs. 49, 50, 73, 111), 
or a little later (Fig. 144). The outer integument grows bister than the? inner aiifl 
covers up the nucellus by the time the megaspore mother cell is full grown (Figs. 52, 
58, 109, 113, 137). In Ure.yia Ivhata {Yig. 100), and Thespesia populnea (¥\g. 131), 
the inncT also closes by this time. In most genera the outer integument is 2-3 
layered while the inner is 4-8 cells thick. In Thespesia populnea, on the other hand, 
the outer int<‘gurnent is 5-6 cells thick and the inner 10-12 layered (Fig. 131). This 
genus and also Gossypiam and ingenhousia (Reeves, 1936), difier from the rest of 
the family in showing integunu^ntary vascular bmidles (Figs. 133, 135, 136). The 
vascular bundle of the funicle gives off from its chalazal end, 6-9 branches which 
traverse tlu^ outer integument nearly to the micropyle, branching on the way. The 
outer integument of Thespesia, when cleared in chloral hydrate shows a number of 
druses, the significaru'c of which is doubtful. The cells of the epidermis of the 
ovule lose thc'ir (‘ytoplasmic contents and accumulate tannin. The inner epidermis 
of th(' inner integument also accumulates tannin, except in a cap-liko region around 
the microfiyle (Figs. 64, 148), as in some members of Sterculiaceae like Melochia 
corchorifolia (C. V. Rao, 1951). Tannin and starch grains are stored also in the 
median layer.s of the inner integument in the region of micropyle (Fig. 64). An air 
space develops bi'twaa'ii the inti‘guments on the side opposite to the funielo (Figs. 84, 
90) or allround (Fig. 135). In Sida mrdifolia {¥ig. 6), S, veronicaefolia (Fig. 58), <S'. 
car piiii folia, Urena lohata and Malachra capitata (Fig. 109), the outcT integument 
gets separated from the inner vc‘ry early and becomes attached to the inside of the 
ovary wall in which condition it remains even in the fertilisablo ovary (Figs. 7, 55, 
62, 102, 110). The micropyle which is formed by both the integuments, has the 
usual zigzag form (Fig. 64). In Sida veronicaefolia, a knob-like outgrowdh of radially 
('longated richly protoplasmic c(‘lls develops at the base of the funicle even before 
the megaspore mother cell has divided (Fig. 68). In the fertilisable ovule it presses 
against the integumonta and functions iis the obturator (Figs. 62, 64), Other species 
oi' Sida studied, namely S, cordifolia and <S. carpinifolia do not show such a structure. 
The position of the micropyle varies in different species according to placentation. 
In Pavonia zeykinica, Malachra capitata, Urena lobata, Malvaviscus arhoreus and 
Althaea rosea, it faces the base of the ovary, the raphe being vcmtral. In Sida 
species, it is directed towards the top of the loculus, the raphe being dorsal. In 
Ablemoschus esculentvs, the ovuh\s are slightly inclined and the micropyles point 
towards the ovarian axis. In Ahutilon indicum, Hibiscus micranthus, and H. hirtus, 
the ovules are variously inclined and the micropyles point towards the axis of the 
ovary, top or base of the loculus (Fig. 143). 
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Kio8. 88-98. Ahutilon indicum. Figs. 88 and 89. L.s. of young and mature ovaries 

placentation , gynobasio style and development of obturator, tig. 88, X 25; Fig, 89. 
X 10. Fig. 90. A mature ovule. x75. Figs. 91-93. Ovule primordm w|tn 
arohesporium and megospore mother cells, x 425. Fig. 94. Nucellus showing definitive 
imd accessory sporogenous cells. x426. Figs. 95 and 96. hormation of tetrads y 
definitive sporogenous cells. x425. Fig* 97. Nucellus with 1* and 2-nucloate embryo 
Hacs. x286. Fig. 98. Antipodals. x715. 
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The nucelliis may be straight as in Kydia cahjcina (Fig. 65) and Thespesia 
populnea (Fig. 133) or slightly bent as in Urena lobaki (Fig. 102), Malachm capitaia 
(Fig. 110) and Pavonia zeylanica or markedly curved in Sida species (Figs. 7, 55, 
62), Abutilon indicuvi (Fig. 90) and Hibiscus solandra (Fig. 148). Accordingly the 
embryo sac also may be straight or curved to a varying degree. The micropylar 
part of the nucellus consists of partly the several laycrccl epidermal cap and partly 
the tissue derived from one or more primary parietal cells cut off by the hypo- 
dcrmally situated archesporial cells. Periclinal divisions of the cells of the micellar 
epidermis occur at a very early stage (Figs. 99, 125). In Urena lobaia (Fig. 100) and 
Thespesia populnea (Fig. 132) in which the parietal tissue is more extensive than in 
the rest, the cells stand out prominently by their richer deep-staining protophism 
and form a sort of ‘epistase’. The whole of the parietal tissue gets crushed by the 
enlarging embryo sac and only the epidermal cap or a part of it persists in the f(Tti- 
lisable ovule. Laterally the embryo sac is surroundial by several layers of cells 
which are more on the side of the funicle in campylotropous ovules. In Urena 
lohata (Fig. 100), Malvaviscus arhoreus (Figs. 113, 1 15), Sida sj>ecies (Figs. 6, 52, 58, 59), 
Abuiiloii mdiemn (Fig. 93), Pavonia zeylanica (Fig. 137), Hibiscus (Fig. 145), 
H, solandra (Fig. 147) and 11. micranthus (Fig. 149), the megaspore mother cells have 
their lower ends extending to the chalaza. In these species the antipodal end of 
tlie embryo sac reaches the tannin and starch bearing colls of the clialaza (Figs. 7, 
54, 62, 102, 119, 148). Two or three layers of cells surrounding the extreme end 
of the sac become thick- walled (Fig. 67). In other species like AUliaea rosea (Fig. 83) 
and Thespesia populnea (Fig. 132) there are several laycTs of nucellar cells below the 
group of megaspore mother colls. These cells later become elongated and thick- 
walled and form a hypostase (Figs. 133, 134). As the colls stand more or less in 
regular rows and comieet the embryo sac and the vascular bundle in the chalaza, 
they seem to faciUtate the conduction of food materials into the sac. In this 
feature, these species resemble some members of Sterculiaceao and Tiliaceae. 

Megasporogenesis 

The archesporium of the ovule may consist of a single hypodermal coll as in 
Sida carpinifolia (Fig. 49), S. cordifolia (Figs. 50, 51), Abutilon indicum (Figs. 91, 92), 
Hibiscus hirtus (Fig. 144) and Hibiscus solandra (Fig. 146) or a group of hypodermal 
and sub-hypodermal cells as in Althaea rosea (Figs. 72, 73), Urena lohata (Fig. 99), 
Malvaviscus arboreus (Fig. Ill) and Thespesia popuhiea (Figs. 123, 129). In the 
latter case, there arc two types : in some like Althaea rosea, Malachra capitata (Figs. 103, 
105, 109), Malvaviscus arboreus (Fig. 112) Pavonia zeylanica (Figs. 137, 138), only 
one hypodermally placed cell continues to function while the rest merge into the 
nucellus. Only occasionally two cells may function till megaspore mother cell 
stage (Fig. 104) or more rarely till embryo sacs are formed (Figs. 67, 69, 71). In 
others like Urena lobaia (Figs. 100, 101) and Thespesia populnea (Figs. 124-128) 
several cells continue. to function and form tetrads or embryo sacs. None of the 


Explanation of Eigs. 99-1 iU (p. 14). 

Fias. 99-102. Urena lohata. Fig. 99. Young ovule with several megaspore mother colls; 
not© periclinal divisions in nucellar epidermis. x285. Fig. 100. Nucellus with full 
grown megaspore mother cells and accessory sporogenous cell; note ©pistas© like structure, 
x230. Fig. 101. A group of sporogenous cells in meiosis; note degeneration of one of 
the sporogenous cells. x425. Fig. 102. Ovule showing entry of pollen tube. x45. 

Figs, 103-110. Mcdachra capitata. Figs. 103 and 104. Ovules with 1- and 2- functional 
megaspore mother cells. x285 and 426 respectively. Fig. 105. Nucellus with 
megaspore mother cell showing formation of nucellar cap. x426. Fig. 106. Nucellus 
with linear tetrad of which the lowest megaspore is enlarging. x426. Fig. 107. Mature 
embryo sac. x285. Fig. 108. Antipodals; note two-nucleate condition in two of 
them. x425. Figs. 109 and 110. Loculi of young and old ovaries; note development 
of ‘gynobasic * style. X 186 and 46 respectively. 




Fios. 111-122. MdlrmriscuM nrboretis. Fig. III. Ovule primordium with multicellular 
urchosporiuin. v420. Fig. 112. Ovule showing divisions in primary parietal cell. 
X 420. Fig. 113. Ovule with dofinitiv’^e and accessory sporogenous cells. xll5. 
Fig. 114. Kue.elhis showing megnsporo mother coll and development of accessory sporo- 
genous cell and parietal layers. ;■ 420. Fig. 116. Ovule with megjispore mother cell 
in meiosis I. xll6. Fig. 1 10. Sporogenous colls from the above magnified. x445. 
Fig. 117. Formation of tetrads by definitive and accessory sporogenous cells, x 446, 
Fig, 118. Three 2-nucleate embry'o sacs derived from different tetrads. x 420. Fig. 119. 
Ovule with two mature embryo sacs. x65. Fig. 120. Ovule showdng degeneration 
of embryo sacs. x46. Fig. 121. Micropylar part of embryo sac. x265. Fig. 122. 
Antipodals. y445. 
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Figs. 123-130. Thespesia populnea. Fig. 123. Ovule primordium with muHicollulor arch^- 
porium. x426. Fig. 124. Young ovule showing development and structure of in- 
teguments and parietal tissue, x 135. Fig. 125. Nucellus show'ing sporogenous cells 
and development of parietal layers and nucellar cap. x 255. Figs. 126 128. Group 
of sporogenous cells in meiosis. x425. Fig. 129. T.s. through a group of sporogenous 
cells. x425. Fig. 130. Micropylar part of an embryo sac; note hooked synergids and 
starch grains in egg cytoplasm, x 285. 
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previous investigatore reportecl such typicall}’ multicellular archesporitim with 
• sc\<‘ral lunctional cells in Malvaceae. The archc8pt>rium in these 8p(‘cie8 resembles 
that m PterMpcmam species, e.g. T. sidm-lfotinm (0, V. Rao, 1952) and TnumfeUn 
rhomboi(Ua (C. V. Rao and K. V. S. Rao, 1952). In several species with a single 
tunctional cell, accessory sporogenous cells develop from one or more cells of parietal 
tissue, a feature to wliich Stenar (1925) has already drawn attention, e,g., Sidn 
cordxfolia (Fig. 53), S, veronicaefolia (Figs. 58-61), Althaea m^ea (Figs. 74-79), Abuiilon 
indicum (94-96), TJrena lobata (Figs. 100, 101) and Mnlvaviscus arboretis (Figs, 113- 
117). The accessory sporogenous cells become demarc^ated at the time of meiosis 
of the definitive cells. In this connection Stenar (1925) makes a significant remark : 
‘in order to make sure whether accessory sporogenous cells an' present or not, it is 
not enough to observe the early sth|;es of ovules in which only a few cover ('ella are 
present, but such ovules in which the definitive sporogenous cells are undergoing 
divisions*. 


The megasporc mother cells have an elongated and tapering form (Pigs. 52, 93. 
138, 147, 149). Due to the position of the luickMis nearer to the micropylar vnd of 
the c(‘ll at prophase I, the upper dyad cell is always smaller than the lower (Fig. 150). 
In the second division the cell wall may be laid iii a horizontal (Figs. 60, 61, 106, 139, 
152) or oblique (Figs. 95, 117) or in a vertical manner (Figs. 78, 79, 140, 151) so’ that 
megaspore tetrads are iiol always linear. T-slia})ed tetrads arc commonly formed 
by the deep seated cells probably due to spatial relations. Normally the ehalazal 
megaspcu'e functions (Figs. 59, 61, 67, 80-83, 97, 106, 139, 140). In Althaea rosea, 
in one case (Fig. 80) the second megasporc from the micropylar side was seen to ho 
enlarging. The case sketched in fig. 68 of Kydia calycimi appears to be due to the 
functioning of two megaspores of the same tetrad. The third megasporc from the 
micropylar side is more precocious and has formed a 4-nucleatc embryo sac while 
the lowest is still in the uninucleate stage. In another case (Fig. 70), two suj)erposed 
8-nucleate embryo sacs are seen which also appear to be derived from two inegaajiorcs 
of the same tetrad. Similar development of two megasporcss of a tetrad was 
reported by Gore (1932) in cotton. 

Usually the accessory sporogiaious cells (h^generate before undergoing the 
meiotic divisions. The more favourably placed sporogenous cells complete the 
meiotic divisions earlier (Figs. 59, 61, 77-79,95, 96, 117) and one or more megaspores 
derived from them enlarge and crush out the nonfunctional cells (Figs. 80-82). Only 
rarely the accessory sporogenous cells divide earlier (Figs. 97, 117) in whi(‘h case the 
megaspores derived from them hav(‘ greater chances of functioning. Also w hen the 
accessory or definitive cells are collaterally placed, the megaspores derived from 
them have equal chances of functioning since they have equal nutritive facilities 
and the enlargement of one sac does not result in immediate crushing of the other 
as happens wiien the two are superposed. The embryo sacs in such cases reach 
maturity (Figs. 71, 118-120). In embryo sacs w^hich are superposed, usually tho 
enlargement of one results in crushing out the other (Fig. 70). 


Explanation of Figs. 131-142 (p. 144). 

Kios. 131-136. The^peaia popidnea. Fig. 131. Ovnle with several megaspore mother cells. 
X 125. Fig. 132. Nucellus with megaspore tetrads; note ‘epistase' like group of parietal 
cells. <70. Fig. 133. L.s. mature ovule; note integumentary vascular bundles and 
hypostase. x70. Fig. 134. Hypostase magnified, x 155. Fig. 135. T.s. ovule 
showing integiJimentary vascular bundles. > 35. Fig. 130. Seed with its vascular 
supply. X 3. 

Figs. 137-142. Pavonia zeylanica. Fig. 137. Young ovule with megaspore mother cell. 
xllO. Figs. 138 and 139. Nucelli with megaspore mother cell and linear tetrad res- 
pectively. x400. Fig. 140. A T-shapod tetrad. x400. Fig. 141. Four nucleate 

embryo sac which has begun to curve, x 266. Fig. 142. Mature embryo sac. x310. 
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Fioh, 143 llibi<icus hirtua. I'ig. 143. L,«. loculus of ovary. x45. Fig. 144. Ovule 

primordiuin with one archosporial cell. x400. Fig. 145. Ovule showing formation of 
parietal layers, x 400. 

Flos. 140-14S. HiHscns sohin'Jra. Fig. 146. Voiing ovule. v 186. Fig. 147. Kucelliis 
with full grown inegHsport' mother coll. x400. Fig. 14H. Alature ovule. X 280. 

Fias. 140^1.74. Hibi'^cus )nif:ranfhu-s. Fig. 141). Nurellus with full grown megiispore mother 
cell. X 400. Figs. 1.70 152. Dyads, T-sliaped and linear tetrads respectively. x400. 

J*'i08. 153 and 151. Micropylar and antipodal part4H of embryo sac; Fig. 153, '400; 
Fig. 154, x665. 
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Embryo Sao 

By three successive free nudear divisions of the lueirasporo nucleus, the 8- 
nucleate embryo sac is derived. In eain]ndotr(>pous ov ules. tlu^ embryo sae bt^irins 
to curve at the 2- or 4-micleate sta^e (Fig. 141) and th^' curvature increases with tlie 
growth of the sac (Fig. 142). The nuclei of lh(‘ syiu rgids are <l(‘rived from om^ 
parent nucleus and those of the egg and up]H*r polar nucleus from another (Fig. 82). 
In Sid^ cordifohct (hig. 56), S. c<irjnnifoha. S. vvronicdffoJia , and 7V/os7>os‘/V? popvhira 
(Fig. 130) the synergids show prominent l\ooks. In Die n\st tluw an* pear-shap(Hl 
without hooks (Fig. 153). Tlie synergids and egg show normal vaeuolalion. In 
Sida carpimfoUa and /S. cordifoUa (Fig. 56), the syiieraids .sliow tiliform ap|>aratus. 
In Tkespesia popubifa, stai'ch graiiwB an* seen not only in tlie eudjryo sac hut also 
in the cytoplasm of tlu^ egg (Fig. 130); these an* absent from llu* embryo sacs of 
other s])(Hies. Tlu^ polar nuclei meet at about tlu* middle of tie* sac and travel 
togetlier upwards and remain in proximity to llu* (gg appar;;tus. Only in Altluim 
rosea (Fig. So) and Maivaviscus arborras (Fi*/. 121) they weiv st ( n lo fust^ bf*fon^ 
fertilization. Tlu* antipodals show much variation. In Sida nroniea* Julia (Fig. 63), 
Kydia calyrina (F»gs. 76, 71), Malvari'<cns arhornis 122) and nihlsrus solandra 

(Fig. 14S), they iiTu three in iiuinher and 1 -nn(‘l(‘at(‘. In Sida carpin i folia (Fig. 57) 
in om* east*, oik* of tlu* eells divided and formed t wo et*!)s. In AUlaun rosea (Figs. 8(>, 
87), Abaiilon indiafni (Fig. 08), Afalachracajntnia (Fie. ltd), and U ibisrus wicranthus 
(Fig. 154) eitlK*r tlu* antipodal nuclei ilivide in free* nnelear itianiKW or a cell wall 
is fornu'd aftei’ tlu* division so that hiniiek‘ate ajid snjKTnnnu rary aiitipoflals arc 
formed. In Hibiscus luicravflius tJuy incrcast*^! still further in nnnd>er aft(T f(*rti- 
lization and persisted till tlu* (*mhryo h(*camc a larg(t globular mass. 


Discussion 

A coijiparativo study of the emhryologi(‘al f(‘atnn*s of tlu* various sp(^ci(‘s 
invastigatcid show.s that while the eharaeders of th(‘ microsporangium and male 
gameto])hyte arc fairly uniform, tluwc* is sonu^ variation in tlu* development and 
structun* of the archesj)oriiirn, embryo sac and ovnk*. 

TIk* microspon* moih(U’ cells in seV(‘ra! 8])eei< s foi*m a. singh* row in ih(i antlicr. 
Th(* lapetum is of ]>lasmodial type. TIk* poll(‘n grains arc mnitiporate and HpineH<x-nt 
and distinetly difler from tlio.sc of other hirnilus of the onl< r in which tlay aru 
prcdoinjuantiy smooth walled and triporatc. Wodi^houst^ (1030) is of tlu' opinion 
that .spi]i(*scent mnitiporate pollen is more evolv<Ml tlian the smooth walled and 
triporatc pollen. On the basis of ])ollcn grain (^liaractcrs, Malvaceae seems to he 
the most evolved family of the order. 44 k* eamjwlotropous ovules which are 
common in Malvaceae are also not met with in oUut fnni!i(‘s of Malvak^s. In 
Adansonki digitata (Bombacaceae), the ovule is anatT'o|)ous hut the seed becomes 
eampylotropous. The presence of epistasc;, liypostase, syru^rgifls with filiform 
apparatus, well defined transmitting tissue in the style and obturator are again 
features of a specialised nature. In the presence of sufKr-numeniry, sometimes 
binuelcate and pc^rsistent antipodals, Malvaceae differs from other families of the 
order and resembles highly evolved families Jik(i Ruhiaceae, (Jomposittvui and 
Gramineae, Their persistence till a comparatively late stages in tlu*. d(^veIopment 
of the seed and their position betwx*en the endo8p(Tm and tlie food hearing (;ells of 
the chalaza suggest that they might assist in tJie transp(jrt of food materials inix) 
the embryo sac, a function which the persistent pollen tube set'ms to subserve in 
the micropylar part of the ovule (C. V. Rao, 1952rt). From the above, it can be 
inferred that embryf)logically Malvaceae is the most aflvanced family among the 
Malvales. 
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MalviH'ea<i in diviffed into four trihos (Schuman in Engler and Pranti, 1895), 
baH<^d on th(‘ di.-^po.^^ition of carjHdH, natun^ of fruit, ninnbor of stylar branches, etc. 

]. Mal<)PEAe: f’uqxdH in vertical rows. 

2. Malveae: PVuit Hcliizocarp; stigmas as many as carjiels. Sida, Afmtilon, Althaea, 

Kydia. 

3. Ukenkae: Fruit schizocarp; stigmas twice as many as carpels. Urena, 

Al afraid sc us ^ Pavcmia and Malachra. 

4. Hibisckae: Fruit capsult;; stigmas e(|ual to the number of carpels, dossypimn, 

Thcspesui and llibiscufi. 

A comparison of the eml)ryological features shows that there is much over- 
lapping. Genera l)elonging tf> different tribe?;* may show' similar embryological 
features like the formation of acces.sory sporogenous cells in the ovules {Sida, 
Malvaviscxis) or typical multicellular arehesporium with several functional cells 
(Urena, Thespc.sia). Similarly genera belonging to the same tribe may differ 
markedly in tluar embryological features. This point becomes clear on comparing 
the embryological features of the three genera of the tribe of Hibisceae, namely, 
Gossypimn, Thespesia aial HihiHCUs. Gossypinm and Tliespeaia resemble each 
otlit'r in their amitropous ovuI<\s, massiv'e int(‘gum(‘nts, inh^gumentary vascular 
bundk's, and differ from Ilihisrus which shows campylotropous ovules and no 
integuimaitary vascular sup()ly. On the other hand, Thespesia differs from Gossy- 
piim in the [)r(\s(‘nc(* of epistasf^ and hypostase, multicellular arehesporium with 
several functional (‘(‘lls in the ovule, hooked synergids without filiform apparatus 
and presetua? of starch grains in the embryo sac. Though Ediin (1935) considered 
on th<i basis of cajisular fruits, that the tribe Hibisceae is th(? most primitive among 
Malvaceae and transitional ladwi c ii Bombaeac(‘at^ and Malvaceae, it seems to ber 
the most evolved on embryological grounds, a conclusion readied by Ree\ es (1936) 
also on study of seed anatomy, dlu^y show features of specialisation like organisation 
like epistase, hypostase, filiform apparatus in synergids, massive integuments and 
integumentary vascular bundUs, epidermal hairs and resin glands in the testa and 
non-endosjH'rmic seeds w ith food reserve in the (‘inbryo. 


Summary 

Oi’Xano^ony, devolopnient et the male and female garnotophytos, and structure of the 
ovule.s wtM’t' Hitidied in the followiruj 15 species of Malvaceae belonging to eleven genera: Sida 
i'oriiifolin L., S. vvronic(i*\foU(i L. ( S. hnmiii** Willd.), S, rnrphtifnlid L., Abutilo?} indicuin 
(1. lion,, Altfutea roficn (aiv., Kjfdiii ntlip'uhi Koxb., IWenn lohata F..., Mdli'twiacufi arhoreus Cav., 
PiivonUt zeiflaniva Fj., Mdbndira rapitatit L., Uibisriift solandvd L. Herit., H. ynu'ranthus L., //. 
hirtus L., Ablrniosrbu,^ e.^icidentus (L.) Moench., and Thespesia popidnea Corr. 

Of the four layered ant her- wall, the .sub -epidermal layer develops into the f’.hrous endo- 
theoium and the innermost into the tapetum of the plasmodial type. The tapetum seems only 
to hasten the growth of the sculpturing of the exine hut not initiate it. In some species like 
Pavonia zei/lanica, the primary sporogonou.s cells of the antlier function as the microsporo mother 
cells directly while in others like AbntiUm indicum, they undergo a secondary increase. Micro- 
spore tetrads are usually tetrahedral F)ilateral and linear tetrads being noticed occasionally. 
Cytokinesis is by furrowing. The pollen grains are spinescent and multiporate and are shed 
mostly in the 2-nucloate condition, thougli in Kpdia a few 3-nucleate grains w^ere met with. Tlie 
generative cytoplasm forms a hyaline sheath around the nucleus in the initial stages and is later 
ohsonred by the starch grains, protein and fat that accumulate in the cytoplasm of the vege- 
tative cell. 

The ovules are bitogmic, crassinucellate, anatropous or more commonly campylotropous. 
The inner integument is more massive than the outer. Some cells of the integuments and 
ohalaza accumulate tannin and starch grains. Thespesia showa integumentary vascular bundles. 
‘Epistase* occurs in the nucellus of Urtna and Thespesia and also a hypostase in the latter. 

The arehesporium is typically ono-celled in some moniFjers like Hibiscus 8pecie.s while it is 
multicellular with several functional cells in Vrena and Thespesia. In several genera like Sida, 
Malvamscus, Abutilon, and Althaea, some of the parietal cells later assume characters of sporo- 
genous cells and function as such till the formation of tetrads or embryo sacs. In Kifdia, some- 
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times two megaspores of the same tetrad fmiotion anti develop into H nut leatt' eiubrvu wat s. 
Megaspore tetmds are linear as well as T-shaped, and einhryo sae develops aeeordiiig to Annual 
type. Synergids are hooked in Stdu and I they sliow tilitt>rin apparatus in Si<in cotdi-^ 

foliu and *S. cat pint folia. Polar nuclei liisc only at the time of ft'rf ili/ation exeept in Althaf*(f 
rosM and Malvaviacm arboreus in which they' fuse earlier. In some like ituh'cum. 

Hibiscus hirtus and H. micranthu.'^. supernumerary and stanetunes himieleate antipodals oe‘Mir! 
In Hibiscus micranihiw and H. hirfus they ptu-sist till a latt' stage in tlie devt'loianeiit of the stvtl 
and seem to assist in transport of food materials from th<‘ starch IxMuing cells of the chala/a 
into the embryo sae. Starch grains are seen in the cytoplasm of tiu' embryo sac and egt: of 
Thespesia populnea. 
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Oedema is a common feature observi^d in patitMiis ex|M)S(Hl to malnutrition 
or suffering from conditioned nutritional deficiency. The distribution of body 
water over the various fluid compartnuaits in such oedeinatous patients has Vkh/ii 
studied by a number of workers (Pea-era, 1040; Mollison, 1946; Beattie et al., 1948; 
Walters ef al,, 1947; and Keys el al., 1950). As regards the (extracellular space, all 
the investigators agrees upon its iin-rease which ()V(-n outlasts the disapjHau-aiK-o of 
the clinienliy recognisable oc-derna during the naovery jx-riod. The plasma volunu' 
per kg. of body weight of such patients is n-portial either within the normal range 
given by Gibson and Evans (1937) or inercas(-d. Bonn- of tln^sci iiivc-stigations were 
carritnl out in paticaits with hypo])rot(‘inemia, otluTs in p(Tsons liaving a more or 
less normal serum protein c<»n(xaitration. W(‘il controlled animal ex]x>riments 
(Metcoff el nZ., 1945; W(‘eeli et al., 1937) liavc^ sliown a (‘ontraction of circulating 
plasma volume as a result of dietary protein deficiency wiiich has caused hypo- 
proteinomia. 

To clarify tlie situation it appeals apj)!-o])riate to consider the (uises with 
hypoprotcinemia separate from tliose having normal serum proteins. Such a 
distinction permits correlation of (iinical observations on liyp()])rot(inemic patients 
with the condition in experimental animals mentioned above. The investigations 
reported hero are tluaefore restriett^d to sucii c-asi^s having lowtucxj sc^rum prokins. 

There is another jioint whi(ii disserves (umsideration : it is common ('xperieniH* 
with [)atients suffering from nutiitional oedema that th(?y V(fry often lose tln-ir 
swelling within a short time after admission to the hospital by diuresis. It is 
obvious that the relative siz(^ of tlu^ fluid (compartments undergoc^s (ionsiderabh* 
(iuing(\s during this period so that tlu^ plasma volume will alter in relation to the 
time of measurement. The siginiicanee of this point will bc^ illustrated by th<^ 
results of rciieated estimations of the plasma volume in (?ach individual patient in 
different stages of the disease as reported in this paper. 

Materials and Methods 

Eighty-thn^e patients w^ere subjected to the inv(?stigations. Th<^ diagnosis 
was arrived at by considering the following points;- — 

(1) History of poor dietary intake or conditioned nutritional deficiency. 

(2) Presence of oedema, being generalised from the start or starting from 

the lower extremeties. 

(3) Absence of signs of portal obstniction, cardiac^ failure^ or albuminuria. 

(4) Absence of marked anaemia. 

(5) Absence of any congenital abnormalities like Milroy ^s disease, etc*. 

Cases in which malnutrition was secondary to other diseases like tuberculosis t 
malignant tumour, etc., were not included. 

After admission to hospital, the patients were simply put under observation, 
the daily weight (under standard conditions) and urinary output charted. If 
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fluring a fK iiofl of two (lays follow ing admisBion to the hospital, the weight remained 
steady or was on the iruTeasc and tJie urinary output was less than 500 nil. on an 
unrcHtricted Huid intake, the patients w'ere under group A. Out of the 83 

patients investigated 25 lH*longefl to this group according to the criteria given. 
If, hovve\ <^r, they inanifest<^d diminution of weight, decrease of oedema and jHjlyuria 
they w'(ae placed umh.T group B which consistecl of the remaining 58 patients. On 
tlu^ third day after admission the? plasma volume, thio(;yanaU‘ space, total serum 
proti^in, albumin and globulin were cstimate<l. The tests were repc^ated at an 
interval of 1-2 weeks. 

The plasma volume and thio(wanati‘ space (C’.N.S.) were determined simul- 
tan(s)usly by th(‘ method of (ir(‘g<a*.s('n ami Stewart (1939). The total serum 
pn)teins, albumin and globulin wcr(‘ (*stimated by the microkjeldahl technique 
and later on in the course ol th(; investigations by the method of Greenberg (1929). 

1'he follow ing results were obtained in th<‘ first series of estimations following 
admission (mean and standard dew iations are given in each ease) : — 
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It is obvious that the mean plasma vol./kg. in the patients in group A is much 
less than that in group B, tlu‘ difTerence being statistically significant at 0’0l% level; 
it is t‘V<*n low'(‘r than that in the average normal piTsons found by Chaudhuii ef al, 
(I95lrt) for Indians and as also found in our normal controls. So long as the 
fiatients in groiq) A did not (l(‘V(‘lop diuresis and lose weight, their plasma v^ol./kg. 
did not sh(»w any significant change as found by repeated estimations. When as 
a result of tri'atment (high caloric protein ri(‘h (li(‘t, plasma infusion, amino acid 
administrations and siqiplc'UU'nts of vitamin concentrates *) these patients developed 
diuresis and started losing weight and oedema, their f)lasma volume Ix'came markedly 
inenvised. It is intt'n'sting to note lien' that not only the relative plasma volume 
([)er kg. body weight) was iiu'reased but there was an increase of al)solute plasma 
volume as well which means that the loss of weight could not simply account for 
the relative increase of plasma volume/kg. The average values showm by these 
patients during the period of recovery were as follow s : — 


I 


No. of 
ca.«»es 

; Plasma vol. 

1 (ml.) 

Plasma v’ol. 
(inl./kg.) 

Cell vol. 
(%) 

1 C.N.8. space 
(ml./kg.) 

Total serum \ 
protein 
(2.%) ; 

Serum 

Albumin 

(g.%) 

25 

J Group A : | 

2808 ± 358 1 

1 i 

70-7 ± 4-4 

j 

23-5 ±1-2 

j 336 t 26 ! 

1 1 

! 4-9f0-2 

1 : 

l-8t0*5 


* Litrison, Hoffmann La Roche. 
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It can he further observed tliat these elian^es in IxmIv Haiti distribution an^ 
not accompanied by any significant change in total serum protein isautuitration. 
It is only some time after the patients lost their (KMleimu that tlu^ serum pn^tein 
level went up. 

Seven seriously ill patients, on admission belonging to group A, had moderatt^ 
to severe oedema, profuse diarrhoea and ver> low blood pressurt‘. They wt'rt^ 
particularly interesting because they had clinical signs of d(‘hydration, i.e., a dry 
tongue, pinched features and circles around the t^yes in s])ite of their o(‘d(‘ma. Their 
weight remained steady, urine varied from 180-240 ml. '24 bout's, their amuunia was 
not marked, cell volume was about normal, erythrocyte sedimentation rali^ (K.S.H.) 
was 1-4 mm. with the Westergreii scale; plasma volume was bctw('en 41-44 ml. kg., 
C.N.S. space was 398-422 ml. /kg. ••rhey remained like this, ( ritically ill. with t?u' 
signs of dehydration persisting so long as th(‘ diarrhoiNi continued. When the 
number of stools became reduced and they started to in\prove, the signs of de- 
hydration cleared up. But the weight increased and oliguria persisted. The 
haemoglobin concentration (per 100 c.c. blood) now was about half of that observed on 
admission, cell volume decreased, E.8.R. rose markedly (00-110 on th(‘ VV(‘stergren 
S(uile) aiifl plasma volume became increased. Strikingly enough, tht‘ thiocyanate 
s])ace at this period showed diminution to the extiuit of 2-4 lit r(‘s t hough tluae was 
no diuresis and loss of wcught. Shortly afterwards these patients d(‘V(‘lopcd 
increased urinary output and followed the usual pattern of naovery as in the otluT 
patients belonging to group A. 

The further course undergone b}^ tlu^ patitmts in group A. onc<‘ the diuresis 
started, followed closely the pattern in group B. (Iradually the patients lost^ weight 
and oedema, the plasma volume remained high for some time and t\um started to 
return to normal. But though the oedema could no longer bo deteebsl clini(‘ally, 
the thiocyanate space was still high. There was a lag j)eriod when, although there 
was no gain or loss of weight and the patients wctc not clinically ocMlcunatous, the 
thiocyanate space became progressively reduced and it is only after that, that the 
serum jwoteins increased. 

Two patients belonging to group A deserve special mcaition bc^cause they 
redeveloped oedema during the progress of the investigation. On admission they 
had reduced plasma volume, increased C.N.S. space and normal K.S.R. ; howc^vci 
after a few weeks’ stay they started diuresis, lost wc^ight and thc'ir oc^dcuna subsided. 
During this recovery period the' sanies change in the body fluid distribution ocrcurrcMl 
as mentioned before, i.e., the plasma volume increascHl, C.N.S. space diminished, 
there was hemodiluticjii and incrc^ascKl scdiincaitation rate'. Them, for no apparent 
reason, the patients suddenly gained weight and became oedematous. At that stage*, 
the plasma volume again diminished, C.N.S. spac-e slightly incieased and there was 
the same diminution of sedimentation rate as originally. 

In six patients belonging to group A mercurial diuretics were administered 
intramuscularly being preceded by ammonium chloride. Tlien? was diuresis during 
the next 24 hours. The plasma volume, however, showed no significant change. 

Discus.sion 

From these investigations it becomes clear that two phases can be distinguished 
ill the course of the nutritional (xxlema. As the oedema develops the plasma volume 
becomes reduced on a weight basis as well as on an absolute scale, wherefis it appears 
increased during the recovery phase. The question now arises whether the initial 
reduction of the circulation plasma volume can be regarded simply as one of the 
features of the disease or whether it is a primary event in the course of the disease 
leading to a reduced glomerular filtration rate (Cort, 1952) and ‘glomerulo-tubular 
imbalance’ — a condition, which, under appropriate circumstances, will lead to 
sodium retention. In any case, this initial phase of the disease is markedly different 
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from the OfnJema duo lo fnrdiac failure or hepatic cirrhosiis, since in both cajijes an 
increased plasma volume has been repeatedly observed (Gibsrm and Evans, 1937; 
Perera, 1946). The sug^^^estion that the n^duction of serum al})iim(^n gives rise to 
the decn^ase of pliisma vohinu‘ (W'eeeh, 1938) i.s not supy>ortod by the obscTvations 
of Mollisofi (I9i6) and Beattie et fiL (1948) and by our owi data, since we regularly 
obs(‘rved that tht‘> nd.urn of tlui body fluid distribution to normal is not linked up 
with a eon(M)!nitant alteration of the serum pr(»t(an cone( ntration. 

Although there is oedcmia and exp;tn.sion of the thiocyanate Hy)ac(% the patients 
apfMmr dehydrated consid('ring thf4r reduced fdasma volume — a fact which is even 
confirmed by the ])resenee of (;linieal signs of d(‘hydration in some of them; an 
excess production of antidiun tie hormone could, therefore, be assumed. Gopalan 
(1950) HVAmwd to hav(^ sueeccdid to d(^mon8tivit<‘ an inen^ased amount of anti- 
diuretie substanees in the urine of such |)ali('nts. but other workens (Saha and Sen- 
giipta, 1952), have failed to eonfirrTi it. 

On the basis of these observavl ions, it- does n(»t s(M ni justified to attribute to the 
rl(‘ereas(5 f)f th(^ serum proieitj lev( i a primary role in tlu‘ gen(‘sis of the oedema Jis 
assiinu'd in the SlaiTme h\')><»t liesis (St-*rling, I9t)S). Ho\\(^\('i\ the possibility 

(uxists as hIiowm by Ayer, Selii( ss and Pitts (1947) in experinnuits on dogs and by 
Dicker (19j[<S) on rats, that the <d<aiu*nilai filtration rate is fl<'er(\}sed in th(^ pnsence 
of hyf)oprotein<'mia. Besides, 11 m' gioi/u ruliu* filtration rate is tio long<‘r iruh'pendent 
of th<‘ rate of urin(‘ flow iri the f)r(‘srne‘' of [iyj>oprol '‘ineinia (Dic-k(U\ 1949). It is 
furthermore; known that an a.ditiei-d alteration of“ plasma colloid cont( nt by means 
of infusion of albumin (W('!t and Orloff, 1919} (‘xerts a eo»!sid(a’abk' influence on 
tln^ exendion of wate r and salts, infusion of hypi roneot ie solut ions (‘aiising a reduc- 
tion of sodium (‘xendion, that of iso-oneotie solutions produeirtg increased excretion 
of water; but lK)ih the hvperoneotie as w<'ll as the isoauieotic infusion cause increase 
of (he circulating bloocl volum<‘. Rapid administration of albumin causes in addition 
a mark(Hl incnuise of the total renal ])lasma Ih^w, possibly by o])(unng previously 
closed artorio viuious aiiastomosis (iMichu' rt al,, 1949; Bark(‘r rf oL. 1949). These 
facts indieab; that tlu' balance ol at- least two lbre<‘s, naTiu'ly t]u‘ colloid osmotic 
pn'HSure and tlic plasm, a volume. del(‘rmi!M* in sonu' way lh(‘ excretory function of 
tin* kidney. Possibly tlu; si/c of th(' ext ra( ellular fluid eom]>artme]it also influence's 
the urinary out[)ut, since in (xalematous snbjis fs e\ei\ iiyjxToTUaaie solutions have 
diuretic effect (Orlolf, Welt and Stowt*, 1919). If the deenase of the serum protein 
level is tlu* primary i‘ansc at all for the wat(‘r rctefition, (hen it a-ppr'ars to bo so 
because of the colloid osmoti<‘ pressure being ojk' of the conditi(U)ing factors for 
water and salt exaretion tlmougli the kidn<‘y and not Ihsmusc of the disturbance 
of the Starling ('(luilihriiim. 

During the (levelopmeiit and tlu' h(‘i<dit of the disease a paradoxical state exists 
where the plasma volume is reduced hut the thiocyanate space is increased. The 
disiurbancti of the tliiid compart Ttnaits siauns, however, to bo eve n more complicated 
than already mentioned. During the n eovi'ry y)hase in these patuaits a stage was 
observed in which the thioeyaiiab' space heeaiiH' r('du(‘ed though there was no 
alteration in weight and urinary output. A transfer of water from extracellular 
into intracellular space must have takui place as tlu; simultaneous increase of pkisma 
volume eannot aecount lor nnu’e; than a small fraction of tlie diminution of the 
extracellular fluid. Wo do not know to what extent a potassium depletion arising 
from the associated diarrhot'a toiitributes to the ohscrvinl disturbance of the fluid 
distribution. Eliel et al, (1950) have recently shown that, in sncli a condition, intra- 
cellular dehydration can occur concurrently with expansion of tiie extracellular fluid 
compartment. Possibly as the pati(‘nts recover, their tissue protein content 
increases towards normal thus accounting for a water movement from outside into 
the intracellular space. Of coui'se, w(; do not know the degiv<^ of protein depletion 
in the tissues, however, the reduced serum protem level certainly indicates that 
some degree of tissue protein depletion must be present. Besides there is evidence 
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that the proportion of osniotionlly inactive base within the (x^lls may vary under 
eortain circumstances (Elkintou d al,, 1948) and malnutrition might n^preseiit an 
instance which alters that proportion. 

One particular fact noticed in the patients of group H is the lack ot any correla- 
tion between the circulating pliisnia \ oliimr with total strum protein conctuitration. 
In this respect and in the subscqiuuit t‘onrse nl' the disease, they resemble the 
imtients of group A during the re covery [Huiod. TUnv is no reason \o assume that 
a basic diilerciice ot the pathological proet‘ss c'xists bi'twc'-u the patit'uts of group A 
and group B; they simply repn-sent differtait stages t)!* one and tlie same distavse. 

The })nssihie part played by the ]>roU‘ins in the <lt \ t'lopnu'ul of tlu^ nutritional 
oedema has botai eonsidered befon*. Uiirortnnately lU) data arc yet availnbh' t(» 
ascertain the signiticance of sodiunf 'tlK^ main ionit* constituent of lla^ extracellular 
tluid, in that condition. Based on the w(‘ll-snpj)orl(‘d ohsc'rvation that in most 
instances isotonicitj^ is more carefully guarded by tluj Ixuly than the constancy 
of the fluid volume (Peters, 1947), wo \Nould ex])eet sodium retention at the onset 
of the oedema; but Schroeder (1949) has (hunonsirattid that oedeme is also com- 
patible with the pn^sence of a Mow salt syndiomi^'. Particularly the clinical signs 
of dehydration ol)S(‘rved in some patients togi'ther with the redm tion of the'- pliisiTia 
volume at the initial stage of the disf as(‘- might n^thad a elironie sodium do])l(dion 
(Black, 1953). The constantly observed diarrhoea crrtainly givc'S sufTieient reason 
to suspect such a condition. Besides, salt d(q)!et ion is known to impair the elimina- 
tion of water through tlu' kidney (Met Min e a?id VViddowson. 1937 ; Baldos and 
Smirk, 1934) and the existence of such a markedly impainal watcT (‘Xerction wius 
repeatedly demonstrated in our patieaits of group A by a-dininisteriiig a water load 
by mouth: no signitieant amount of <‘xtra urine was pi'odueed in such tests; more- 
over the uriiu^ maintained its hyjHTlouieit y with n'sjxa t to tlio osmotic pressure 
of serum. Leaf and Mamby (1952) hav(* rexamtly slaovn, tliut (conditions exist 
whieli eaus(‘. eunservatiou of water irn spectivi* of siuum solute lintels; th(3S(^ authors 
belic've that the constancy ol' tlu^ extracellular fluid toni(*ity is sacrificed in tlu^se 
cas('s and water is redained to maintain 1 lu^ fluid volume high: low salt intake or 
salt loss combined with ad libitum water intakes sec ins to trigger this voIiiuk^ con- 
serving autidiuretie mechanism wliich, iogt ther with the hypoprokdnemia, a})p{cars 
to det(Tmine tlu‘ symptomatology of nutritional oexhuna. 


Summary 

Plasma volume, thiocyanate space, total serum proteins and albumin noncontration wore 
determined in 83 patuaits suffering from nutritional oedema. 'J’he patients could bo divided 
into two groups (A and B) according as they were gaining or losing oedema on rest in bed. The 
plasma volumo/kg. in group A (43-7 -j 2-2 mi./kg ) was signiticantiy lower than that in group B 
(71-9-f-4*4 ml. /kg.). This lowered plasma volume persistcfl in the patients in group A till they 
developed diuresis and commenced losing oedema. 'I’hoy harl .signs of haomoconcentration 
08 well and seven patients manifested clinical signs of dehydration. When tliey started to lose 
the oedema their plasma Volume increa.sed (70*7 14 4 ml. /kg.) and approttehed that in group 13. 
Tlie thiocyanate space w^as increased considerably at the start but remained higher than normal, 
even when there was no clinically detectable oedema in both groups. No correlation was found 
between the serum protein concentration and the changes in the distribution of the body Huid. 
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OF THE 


I, Introductton 

It has been suggested that the ineehanism of tanning of the cuticle in Crustaceti 
ina\' be similar to that in insects (Dennell, 19476) but very little is known of tlu^ 
processes resulting in the formation of polyphenols involved in tanning. How- 
ever, evidence of the existen(‘e of the neecasary polyphenol-producing mechanism 
is given by the occurrence of a tyrosine-tyrosinase system in crustacean blood 
(Pinh(\v, 1930). A fluctuation in tyrosinase activity noted by Pinhey in Main 
squinado and Cancer pagurns is probably significant in relation to tanning of the 
cuticle (Dennell, 19476)% But the factors responsible for this variability and the 
nature of the regulation of the formation of polyphenols are unknown. A suggestive 
line of apiiroach to this problem may be founcl in the observation of Denneli (1949) 
that in (Ailhphora erythrocephala a factor holding in check the oxidative ac^tivdty of 
tyrosinase may result from the presence of a dehydrogenase system showing a 
fluctuation correlated with tyrosine oxidation. A balance between tyrosinase^ 
activity and a dehyilrogenase .system both controlled by hormones appears to exist 
in blowfly larva. The hormonal control of pupation in tlie blowfly larva first 
suggested by Fraenkel (1935) and later shown to o(!Cur in other Diptera is exercised 
by Weismann’s ring (Hadorn, 1937; Burtt, 1938) which is homologous with th(‘ 
corpora allata and corpora cardiaca of other insects (Burtt, 1937; Day, 1943). It 
has be(‘n pointed out that the hormones secreted by the corpus cardiacum-allatum 
system show physiological effects similar to those of the sinus gland located in the* 
eyestalks of decapod Crustacea (sec Hanstrom, 1949). It is therefore of interest 
to examine w4iat part, if any, the sinus gland hormone plays in relation to tanning 
of the cuticle and how' far the mechanism of control of tanning in Crustacea corres- 
ponds to that in in.sects. A preliminary account of the findings has been given 
elsewhere (Krishnan, 1950). 

2. Material and Methods 

Phis work lias b(;en carried out in Carclnu^ nfumms Pennant obtained living 
from Plymouth and Millport lalK)ratories and on material collected while working 
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at the Marine Biological Laboratory, Plymouth. For the estimation of tyrosine 
in the blood, the colorimetric method of Folin and Denis (1912) was used. The 
fructose deterrninationH were made by the method elaborated by Roe (1934) based 
on the reaction. An evaluation of the reducing power of blood in different 

Ht/iges of tlu^ moult cychj was made by measurement of electrode potentials using 
a (yumbridgc^ pH under as a voltmeter. The cyanide-insensitive respiration of 
blood aiid soft parts which showed significant variations in the course of the moult 
was ( stimated under various ex{)<‘rimental conditions using a Barcroft differen- 
tial respironuder and the. valiums obtained were taken to indicate the activity of an 
enzyme syshmi. Th(^ role of the (‘y('sta.lk hormone in relation to phenolic tanning 
was studied by noting tlu*. ettV;cts of eyestalk extirpation rm tlie enzyme system 
iiivolv(Ml as indicated by the eyanifle -insensitive. oxygen uptake. 


.3. Tyrosink and Tyrostnask [n the Blood 

'PyroHiiK; whii*h appears to be thti pn^cursor of polyphenols in insects, is known 
to o(‘cur also in crusiaci un blood whicli blackens on (.‘xposuro, a feature recognised 
as indi(‘ating the oxidation of tyrosine, to form nujlanie pigments (Heim, 1892; 
Ilernmingsen, 1924; Pinliey, 1930). A further similarity to the condition observed 
in inse(d8 is suggested by a llnctuation in the discoloration of thi^ blood in different 
individtials and in th(* same individual at different ptTiods (Pinhey, 1930). Such 
variations in insects have been shown to be significant as indicating a regulation of 
tyrosinase activity in relation to tanning of the cuticle (Dennell, 1947a). Th(‘ 
occurnuKx of similar variations in crustaceans such as Maia and Cancer might 
suggest, as has Ixh'u pointcxl out by Deiuicll (19476) a rclationslnp to the elaboration 
of polyphenols. But it is not ktiown whether tluTe occurs as in insects a rhythm 
in tyrosinase activity, whether tlu' variations if pres(‘nt are due to quantitative^ 
(changes in the enzynu' or the substrate or l)oth and if when both tyrosine and 
tyrosinase arc proscuit the iriterual (environment has a dfdennining influence on 
t y rosi muse act i vity , 

With this objec t in view thi* blood ot Carcinus wiis (examined in differc'nt stages 
of the moult (\y(d(u As the crabs k('pt in the laboratory tanks moultcKl only 
infrequently, the various stages in th(‘ moult cycle wctc coll(a.‘ted fresh from their 
natural environment. To minimise discrepancies arising from the difficulty of 
fixing the time interval since moulting the av<‘rages of two or more evaluations 
made in Hirnilar stages have been taken for purposes of comparison. The phases 
in the moult cycle rec^ognised in the following study are those describ(‘d by Baum- 
berger and Olmsted (1928) which arc? (a) the hard crab stage (6) the ‘pillans’ stage 
representing the condition a few days before ('cdysis, (c) the moulting stage in wliich 
the crab is in the proeess of (unerging from the old shell, (d) t\w soft erab charac- 
terised by a soft cuticle, and (e) tlu^ paper shell stage in which the cuticle is only 
very slightly hardened. BIcxkI from all stages exposed on filter paper turned 
black, but marked gradations were shown in the intensity of blackness as may b(‘ 
soon from Table I. 


Table 1 



Moulting 

stage. 

Soft crab. 

Hard crab. Pillans. 

Blood (untreated) 

-.1 . 

r 


Blood -fKON 



- 

Blood-f methyl alcohol 



.'- 4 .-^. ; -4--I -r ■ 


I ! 



PHENOLIC TANNING OF THE CUTICLE IN CARCINVS MABSAS 


169 


If the degree of intensity of blackness is an indication trf the extent of enzyme 
activity as may be inferred from the lack of darkening in the presence of cyanide 
’it may appear that tyrosim^e shows fluctuations in activity in different periods of 
the moult cycle. An additional indication that an enzyme prt^sent in the blood is 
responsible for the blackening of she^l blood is provided by the positive rt^action 
with the ‘NADI’ reagent which has been extensively used to detect tyrosinase and 
polyphenol oxidases on account of the oxidation it \indergoes in their presence. 

The feeble darkening of exposed blood of crabs soon after moulting is probably 
due to a reduction of tyrosinase in the blood. This may bi^ inferred from the 
suggestion of Piiihoy (1930) that tyrosinase is contained in tlu^ luvematecytes which 
as observed by Baumberger and Olmsted (1928) are fewer in number at the time of 
moulting when the blood is much diluted due to a marked absorption of water. If 
the tyrosinase of the blood is involved in tanning of the cuticle, only very little of 
it may be expected to be found in the blood at tliis stage since phenolic hardening 
is complete immediately after moulting. In the stages following there is a noticeable 
upward trend in the blackening effect which is most marked in the pillans stage 
when the new cuticle is being laid down and taiuxed before its exposure at the time 
of moulting. Such variations may be attributable to quantitative changes in 
tyrosinase or to changes in the tyrosin(‘ contcuit of the blood. It also appc‘ars 
likely that variations in the inhibition of tyrosinasi^ activity may account for the 
above observations. Qualitative tests for tyrosine in the blood of Carcinus maenad 
using Morner s reagent and a-nitroso-l3-naphthol gave positive reactions indicating 
the presence of tyrosine (Feigl, 1947) at all stages of the moult cycle. With a view 
to determine' whether the amount of tynxsine varies in different stages, a colori- 
metric estimation of tyrosine was made using the ‘phenol reagent’ (Folin and Denis, 
1912). It was found that t h(' amount of tyrosine present in the blood was approxi- 
mately constant, the average value being 0*003%. Pinhey (1930) obtained for 
Cancer pagurus an average value of 0*004%. She found that tyrosine is always 
present in the blood and is in (excess of requirements for oxidase activity, as seen by 
the fact that when to the blood which has ceased to blacken a small amount of blood 
which does show blackening is added, discoloration at once appears showing that 
the blood must havt? contained the substrate as the ‘blackening is very mucli more 
intense than that which could be ])roduced from the action of the added enzyme on 
the small amount of substrate necessarily added with it’. From the observations 
made on Carcinus it may be inferred that tyrosine and tyrosinase are present at all 
stages of the moult cycle but it is the enzyme which shows a variation in activity. 


4. The Redox Potential of the Blood and Tyrosinase Activity 

In spite of the presence of both tyrosine and tyrosinase there is no evidence 
of tyrosinase activity in the blood of intact animals as may bo inferred from the 
absence of a positive ferric chloride test in the blood drawn from the animal in the 
different stages of the moult cycle. Possibly the elaboration of dihydroxyphenols 
is confined to a very brief period when they may occur in a concentration too low 
to be revealed by colour tests. Such a condition is explicable in view of the short 
duration of the tanning process in this animal. If the above assumption is valid 
it would appear that the oxidation of tyrosine is held in check by some inhibiting 
factor probabl}’' present in the blood. 

Previous authors have emphasized the importance of the oxidation-reduction 
potentials of the medium in determining biological oxidations. Graubard (1933) 
observed that tyrosinase activity in Drosophila melariogaMer is dependent on the 
state of the environment which enables the enzyme present to be involved in the 
reaction. Similarly Figge (1940) showed that tyrosinase is active only within a 
certain range of redox potentials and that any shift of potential from the optimum 

3 
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(‘ith<T to the negative ot pomtive side would inactivate the enzyme. That this holds 
good not (inly in vitro but also in vivo is shown by the observations of this author 
that phenol-indophcnol with an E'o value of -f 0-227 at pH 7 produces palor in 
amphibian larviu* by inhibiting tyrosimise in melanophores although it stimulati^s 
rnelan<»gerieHiB in the ccjnnective tissue cells. The differential reaction of cells to 
tlui sam(‘ Mubstance is explained in the light of the view mentioned above that 
tyn)Hin;is<^ is active at an optimum potential. It has been pointed out that the 
inelanopliores maintain a more positive and connective tissue cells a more negative 
pot<^ntial so that with the <‘iddition of phenol-indophenol there is a shift of potential 
away from th * optimum in the molanoplmres and towards the optimum in the 
(•onm^'tive tissm^ cells thus accounting for the opposite responses observed. Further 
Denm‘11 (1947a) suggested that tin; oxidation of4>yrosine in the third larval instar of 
Harcojyfuiga bf‘fdre puparium formation is prevented by the low redox potential of 
the blood. 

In the light of the above observations the redox potential of the blood of 
(JarcinvH was studied. It is realized that blood may contain a complex mixture of 
r(‘du(;ing Hubstarices whose proportion may affect the redox yxjtentials of the blood. 
Hut it is known from the work of Kuwana (1937) that the reducing power of the 
bloo<] of silkworm shows a stable and unstable part the latter disa}){)earing on 
(‘xyxjHure concurrently with the darkcuiing of the blood. That this unstabk? re- 
ducir)g f)ov\'er may bo (lu(^ to a deliydrogeiiasc which is diminished on exposure, has 
btMUi suggested by Dennell (1949) lis a result of observations in the larva of Calli- 
phora eryihroa/phala. In tlu* following study an attempt has been made to estimate 
the unstabk' reducing power of the blood (see Dennell, 1947^) whose disappearance 
or diminution on exposure is accHirnpanieKl by melanosis. For this purpose the 
(4ectrode [)oti‘ntials of thi* blood as soon as drawn, in the different stages of the 
moult cycle was determined using the Cambridge pH nuder, with a saturated KCI- 
calomel (da4ro<hi of potential of +0-250 V at 2(CC. ( + C 0-76 MV for DO.) as a 
reference electrode. 


Paulk 11 


No, 

Moiiltiuj? 

Sofl crab. 

Kholl 

i*rub. 


1 

} 0-2 S3 V 

i 0-320 V 

r 0-272 V 

i 0-2(>0 

o 

i 0-295 V 

1 0-30S V 

• 0-270 V 

^ 0-250 V 

iit 

+ 0-280 V 

f 0-304 V 

• 0-2S0 V 

L 0-2 18 V 

4 

1 V 

t 0-290 V 

; i>-28G V 

j 0-242 

5 


i U-290 V 

■t 0-2SH V 

+ 0-216 V 

0 


t +-302 V ' 

! 0-270 V 

L 0-242 V 

1 

Average . . 

{ 0-280 V 

I 0 303 V 

0-270 V 

1 0-238 V 

to-ooe 

±0-017 

tO-009 

±0-022 




t ()'355 V 
t 0-318 V 
+ 0-333 V 
r 0-320 V 
+ 0-332 V 
+ 0-322 V 


. 0-330 V 
±0-025 


Table II and fig. 1 show' the average values of reclox potentials of the blood of 
Carcinus in different stages of the moult cycle. It is seen that the values show a 
rise sometime before moulting and at the time of shedding the exuviam the potential 
falls below the level before and after the process. The oxidation-reduction charac- 
teristics of the blood indicate a correlation with the active and inactive periods 
of tyrosinase activity of the blood in the course of the moult cycle, the potentials 
being high at the pillans stage when tyrosinase activity as seen by the blackening 
of blood is most marked. 

3B 
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Fig. 1. -Variations in redox potentials of the blood, onzymo activity and fructose values in 
tlio course of the moult cycle of Carcinus nmends. 

Abscissae, Stages in moult cycle ; Ordinates : (i) Redox potentials of the blood in milli- 
volts ; (ii) Enzyme activit y expressed as Og uptake » (***) l^^*’uctose as gm. % of tissue. 

Curve A -Redox potentials. Curve B— Enzyme. Curve C — Fructose content. 


5. Cyantde insensitive Respiration and Redox Potentials 

Discussing the causes of the reducing power of insect blood Denuell (J947a) 
observed that the mere presence of reducing substances such as glucose, uric acid 
or ascorbic acid cannot by themselves account for the reducing power, whicli as 
noted by Kuwana (1937) shows a stable and unstable fraction, the latter disappearing 
on exposure. From the observation that this unstable reducing power may 1x3 
removed by treatment with narcotics such as urethane, chloroform (Graubard, 
1933; Dennell, 1947a) it is inferred that the agency responsible may be of the nature 
of dehydrogenases which are known to be susceptible to the action of narcotics. 
Further in CalUphora erythrocephala a study of the cyanide-insensitive respiration 
revealed variations apparently correlated with tyrosinase activity and it hits been 
suggested that the cyanide-insensitive respiration may reflect the activity of a 
dehydrogenase system (Dennell, 1949). With this possibility in view the blood of 
Carcinus was treated with thymol, urethane and other narcotics but these substances 
did not produce any appreciable effect on tyrosinase activity. However, it has 
been observed that the blood of hard crabs darkens more intensely in the presence 
of methyl alcohol indicating an increase in tyrosinase activity. It has been suggested 
that the above reaction may be due to the removal of an inhibiting enzyme probably 
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susceptible to methyl alcohol (8t>e Dennell, 1947a: Fraenkel and Rudall, 1947). 
The action of metliyl .ilcohol was found to have varying effects in the different 
stages of th(* moult cycle. Blood from soft crabs did not blacken as markedly in 
the prc.sence of methyl alcohol as that of crabs in the middle stage^i of the inter- 
rnoiilt [K^riofl, 8iigg(^sting a fluctuation in the activity of the enzyme concerned. 
A corr(‘lation Ixitwcen such a fluctuation of enzyme activity and the oxygen uptake 
of blood and soft parts of the crab in the presence of cyanide suggested that the 
(*nzyme-8ystem indicated thereby may be involved in tyrosine oxidation. To 
determine whether this is indeed correlated with tyrosine oxidation a detailed 
study of the cyanid(*-insensitive respiration in different periods of the moult cycle 
was made. 

Enzyme activity though indicated when*’blood only was used, tlie values 
obtained were low comjian^l to those recorded with extracts of muscles. In the 
following ex[ieriments miiscit* extracts were used. The tissues were ground well 
with sand in distilled wat<T and the ground iissuf' after several wfishings was 
Huspiwled in 5 ml. of Mllf) K 2 HP ()4 and shaken for about forty minutes. After 
centrifugation i\w supernatant fluid w?is used. 2-5 ml. of the extract and 2-5 ml. 
of *1% KON wen^ taken together in th(^ right hand flask of the respirometer and an 
lapial quantity of phosphates buffer and KCN added to the left hainl flask. Under 
these conditions the^ (extract did not show any oxygen uptake. However, the 
addition of either ghieose^ or fructose to the (extract caused an imnualiate oxygen 
uptake indicating the pn^sence of mi enzyme system ea})able of catalysing the 
oxidation of theses substrates. It is to be noted tliat the addition of fructose caused 
a greater uptake than the addition of glucos(‘. The enzymic nature of tli(^ r(‘action 
was indicat'd by tli(‘ abse nce of an oxygen uptake wlieri the extract was [ircviously 
boiled. With fructose as the added substrate marked fluctuations in ilie oxygen 
uptake were noted in the different stages of the moult cycle. Therefore a rletailcd 
study of th(^ eyauide-inseusitive oxygen uptake in tlu* course of the moult cycle 
was made. The oxygen uptakes were referred to th(3 dry weight of the tissues after 


Ml • O2 


T}i(‘ 


extraction and the values exiiressed as - during thirty minutes. 

^ g. tissiK^ 

experimental tcunperature Wiis maintained at 2()'^C. In referring the oxyg^m up- 
takes to the tlry weight of tissues, it is realized that marked (hang(‘s in the composi- 
tion of tissues in the c^oursti of the moult cycle (Ho(‘t and KcTiidge, 1926) render 
the values as obtained above not strictly comparable. But such an anamol y could not 
be overcome by using wet weights as the water content of the crabs is subject to 
very wide fluctuations (Muluf, 1939). However, since the object of these estima- 
tions is to note the fluetuations in enzyme activity in relation to moulting rathiu* 
than the determination of absolute values, a certain exaggeration of the values in 
the early stages after moulting may not vitiate the overall trend of events. The 
values obtained in the course of the moult cycle are given in Table III. 

It should be pointed out that in the above experiments when tissue extracts 
were used without addition of fructose there was no oxygen uptake. Possibly 
the naturally occurring substrate of the enzyme w as lost in the process of extraction 
described above or more likely was soon metabolized in this preparation and the 
added fructose served as a substitute. It was therefore of interest to find whether 
fructose normally occurs in the tissues and the body fluid and if so w'hether it shows 
quantitative changes which may be related to enzyme activity noted above. A 
quantitative estimation of fructose in the tissues and blood was made by the method 
of Roe (1934). While the fructose content of the blood was low, with extracts of 
muscles quite appreciable quantitit^s were indicated. For estimating fructose in 
the muscles the aqueous extracts of tissues were treated in the same way as for 
blood and the values obtained were referred to the dry weight of the tissue used 
for extraction and expressed as gm. % of tissue. Core was taken to see that the 
stages in which the fructose estimations were made were identical with those used 
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Tabu hi 

Kmyyne. AcUtfity ejrjur-tgtd a» f± 9i. frucltuel 

g. tiAAue ' 


No. 

Moultitjfj: stage. 

Soft crab. 

1 

Paper shell. 

Hard oral). 

Pillans. 

1 1 

ir)9 

171 

200 

413 

Ill 

•> 

2I(i ' 

181 

236 

318 

120 

.3 

196 

188 

187 

427 

I4H 

4 

214 

193 

289 

385 

113 

5 


188. 

222 

316 

127 

6 


278 

282 

460 

204 

Avrmge 

1 1 

196 

200 

236 

385 i 

137 


for (‘iizyme t‘stiniatioii. The variations in the fructose values in the course of the 
moult cycl(‘ are shown in Table IV and fig. 1. 


rABLK IV 


Fructose in gm. %. 


No. 

Moulting stage. 

Soft crab. 

1 

Paper shell 
crab. 

1 

Hard crab 

1 

0117 

O'OHH 

0 051 

0-026 

2 

0 094 

0 089 

0(»r)3 

0-036 

3 

0 083 ! 

0-109 

0-053 

0-029 

•1 

01 32 

0-112 

0-057 

0-024 



0-085 1 

0-055 

0-019 

0 


0-091 

0-043 

0-021 

\vorrtjTo . . 

0107 

0-096 

1 

0-052 

0-026 


Pillans. 


01 67 
0113 
0-170 
01 73 
0-090 
0 094 


0-130 


A eorn'spondence is apparent between the values for fructose and those for 
enzyme activity, the latter varying inversely with the former (fig. 1). It is note- 
worthy that the lowest values for enzyme activity as determin(^d by tlu^ fibove 
experiments and the highest electrode potentials occur at the pillans stage when the 
erab is preparing for moult. This is also the stage at which tyn)sinase activity as 
judged by the darkening of the exposed blood is most evident. It may be suggested 
that in Carcinus, during the intermoult period chiefly represented by the hard crab 
stage, tyrosinase activity is held in check by the low redox potential which do<38 
not permit of the oxidation of tyrosine. Just before moulting at the pillans stage, 
the potential rises and the consequent oxidation of tyrosine due to tyrosinase 
activity leads to the production of phenols responsible for the tanning of the now 
cuticle which will be exposed at the time of moulting. 

fi. Hormonal Control of Tyrosinase Activity 

Although moulting in decapod Crustacea is a comparatively brief process, 
preparatory changes antecedent to this, extend over several days and involve 
physiological changes affecting many aspects of the metabolism of the animah 
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For Kovoral day8 previous to moulting calcium is withdrawn from the exoskeleton 
and stored in the hepatopanereas in crabs (Paul and Sharpe, 1916; Robertson, 
1937) or in gastroliths in the crayfish (Kyer, 1942; Scudamore, 1947). Changes in 
th (3 glvcogcf) conU'ut of the hepatopanereas have been noted in relation to moulting in 
(^allm^cUM Hajndus (Baumb(*rger and Dill, 1928) and in Carcinus maenas (Schonbom, 
1910). Similarly the blood glucose in Maia squinado shows a rise preceding moulting 
and a fall succeeding it (Drillhon, 1933). Changes in water content and oxidativ(‘ 
metabolism have been shown to commence several rlays before the onset of moulting 
(vSeudamon*, 1947). It is now wtdl established that moultir^g in decapod Crustacea 
is hormonally regulated by the endocrine activity of the neurosecretory organs 
hxutUal in the (^yestalks (Brown, 1944; Sciidamon^, 1947). Further considerable 
(‘vifU nee exists to show that many features ixssoviated with moulting such as changes 
in water conbait, oxygen consumption, resorption of materials from the cuticle, 
arc; also undfT hormonal control (Kyer, 1942; Scudamore, 1947). In the light of 
the abov(‘ obs(‘rvation8 it is of interest to discover whether the t^Tosinase of the 
blood, tlu' activity of wliich seems related to cedysis and hardening of the new 
cut icle, may also be regulated by the hormones of the cyestalk. 

'I o (')ucidat<^ th(i problem wh(‘th(T or not the hormones of the eyc^stallc control 
the process of tanning, normal animals have be(*n eompared with those in which 
the i vestalks have Ikh'II removed, with r(‘ft‘n‘ae<‘ to the cyanide-insensitive res- 
})iration, fructose eonbuit and tyrosiiuise activity. For th(*so experiments hard 
(Tabs of th(' same carai)a(‘e breadth and of similar stage in relation to the moult 
( ycl(' w('r(* chosen to cusurf* similarity of members of a batch used for experiments. 
Animals in very early stag<^s of the hard crab phase as indicated by the nature and 
a])|H‘arance of tlu^ sh(‘ll were selected. The suitability of such a stage for purposes 
(»f tlu^se (experiments li(‘S in the fact that the hard crab stage represents the longest 
phay<> iu the moult cycle wluui it may be [>n\sumed that some uniformity of general 
metabolic featun^s may b(‘ (‘stablished so enabling comparative ex{x?rimental 
observations over several days to bo made. 

For each set of experiments twenty-four maK‘ crabs wen^ divided into two 
grou])s of twelvi^ each. In oiu‘ group both (yvestalks were ( xiirpated. Caut(^rv 
was not appli(Ml its haemorrhagt^ wa.s little and the wound was soon closed by a blood 
(!lot. Th(' operated crabs vv(ue segregaUxl in individual jars. The remaining 
tAvelve animals were used as controls and similarly segregahxl in iTidividual jars. 
Each sot of oxpu inu'uts was (ontirnuxl for nearly thre(^ wee ks. During this period 
a t('st animal wtis killed every third day and (‘irzyme activity as indicated by the 
cyanide-insensitive oxygt'U uptake with added fructose was estimated. The method 
follow'cd the saint' as iu previous t^xiuTiments. At the saint' tinu' the fructose 
valut's of the muselt's wt'it^ also determiiu'ti. Tyrosinase activity was estimated by 


'tABLE 




l)»iVH after eyentaJk 
extirpation. 

Normal 

Jii 

animals. 

Fructose 
pm. % 

Opera t ei 1 

Ml • Oo 

animals. 

F rustose 
gin. %. 

g, tis^aue. 

g. tissue. 

U (Ifiya 

:ns 

t>u4r> 

1 IS 

0136 

t» days 

242 

0055 

120 

0087 

9 days 

1 13 

01 73 

1 55 

0-102 

1 2 days 

127 

0095 

1 SO 

0-115 

15 days 

192 

0-117 

171 

1 0-114 

1 8 days 

188 

01 60 

219 

! 0-107 
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tho observation of the extent of darkening of exposed blood. The values obtaiiKnl 
were compared with those of the control animals in the corresponding jKjriods of 
the experiment. Table V gives the‘ average values of enzyme activity and fructose 
in control and operated animals. 

It w<i8 seen that three days after the operation, the eycstnlkless animals showed 
a marked reduction of enz;yme activity compared with the (control animals (lig. 2). 
In*thc later stages of the experiment an increase in enzyme valuer of tho operated 
animals was noted. From the absence of a uniform decrease of enzyme activity 
following the eyestalk rAnoval, it would appear that the relation between tln^rn may 
not be a simple and direct one. Experimental animals killed about lifleiai days 
after the (eyestalk extirpation showed evidence of an incipient moult hut die<l beb^n^ 
completing it. At the corrosy)ondittg periorl none of the eontroi animals showed 
signs of an impending moult. It seemed clear that tlu^ eyestalk extirpation in the 
tost animals had hiistenod the onset of moidting and the reduction of enzyme 
activity noted above is consistent with this feature. In vitnv of the trends in enzyme 
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2. — Changes in enzyme activity ew a result of eyestalk removal. Abscissae, days^after 

eyestalk extirpation; ordinates, enzyme activity expressed as Og uptake » 

C'urve A changes in experimental cmimals ; Curve B controls in corresponding periods 
as in the experimental animals. 
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activity in relation to moult cycle already noted and the effect produced on it by the 
eyestaik extirpation it may be reasonable to infer that the enzyme activity noted 
above constitutes only a part of a system controlled by the hormone of the eye- 
stalk. This hormone in normal animals has been shown to have an inhibiting 
eff(*ct on moulting and its elimination seems not only to hasten moulting but also to 
set in train all the events associated with moulting in. advance of their normal 
occurnmce (Scudamore, 1947). It may be inferred from fig. 2 on which a parallel 
may be wien Ix^tween Curve B, showing the variations in enzyme activity in the 
control animals and the Curve A, representing the valuers ih experimental animals, 
that in the latter the fall and subsequent rise of enzyme activity is advanced in 
point of time. 

In another set of similar exiK^riments pa}*for shell crabs were used instead of 
hard crabs and over a pt^riod of fifteen days the cyanide-insensitive respiration and 
fructose valu(?s were determined. Differing from the effect of eyestalk extirpation 
in hard crabs thiire was an irrc^gular ris(5 of oxygen uptake in the experimental 
animals. The effect (ff th<' n'moval of eyestalks on the enzyme activity at this 
stage wiis rlifferent from that at a laU^r stage. 

Additional exjK'riment.s to throw light on the ndation between eyestalk 
(extirpation and (uizynu' activity in question hav(e b(e(‘n pcTformed in which the 
operated animals without (yavstalks w(;ne at different p(‘riods inj(‘eted with saline' 
(?xtra(ds of (yestalks of animals in stagers cornnspondi ng to those of the exp(>rimental 
aiiimals. The amount (»f extract injected was equivalent to one eyestalk per 
animal {sre Brown and Scudamore^ 1940). The enzyme activity as indicated by 
the cyaiudivinBensitive oxygeui uptake was estimatiMl one hour after injection. 
Ihit in tlie eyestalkless crabs subsequently inj(‘cted, the enzyme activity gave 
anomalous values. In the. abov('> exp^rinumts it has bc'on noted that a rise in enzyme 
activity in the test animals appeared to aihat tyrosine oxidation, the blood on 
('xposure blackening less intensely than besfore eyc'stalk injection. 


7. DrsonSwSTON 

With the r(^cording of tyrosinase activity in the blood of Main f^quiymdo and 
(^ancer 'pagurus (Pinhey, 1930) and the suggt'stion that it may be related to the 
tanning of the cuticle in decapod Oriistaeea (DeniK'll, 19476) it may be reasonable' 
to expect a meeluinism of tanning similar to that in insects. The observations 
rt*corded in the foregcung study of Carcinus inaemas support such a view. Not only 
the oxidation products of tyr(»sine appear to be utilized for tanning of the cuticle 
as may be inferred from tlu' occurrence of maximum tyrosinase activity at the 
])illan8 stage' wlu'n tlu^ new cuticle is laid and tanned, but also the mechanism by 
which tyrosine oxidation is lu*ld in cheek till the appropriate period, appears to 
show a close parallel to that in insects. Donnell (1947a, 1949) from a study of 
cyelorraphous Diptera suggestt'd that the activity of an enzyme system having an 
influence on th(> redox potentials of the blood so controls the internal environment 
affecting tyrosine oxidation, that the polyphenols are formed only at the time of 
tanning of the cuticle. In Carcinus mmnm a striking correlation seen between the 
tluctuatiims in the cyanide-insensitive oxygen uptake in different stages of the moult 
cycle and tyn^sinast' activity may suggest as in insects, a causal relation between the 
two processes. Howevt^r, the precise nature of the enzyme or enzymes involved 
and the mechanism of enzyme action as well as the role of finctose in the intermediary 
metabolism are not kno\\'n and constitute a problem in enzyme chemistry. 

From the observations made on the effect of eyestalk extirpation in relation to 
the cyanide-insensitive oxygen uptake, it may appear that the hormone of the eye- 
stalk has a controlling influence on the enzymes regulating tyrosiiiiise ac^tivity in 
that a removal of the source of this hormone in the hard crab stage brings about a 
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reduction in enzyme activity which seems to characterise* animals preparing for 
•moult. This is explicable in view of the fact that the oyestalk hormone is known 
to have an inhibiting effect on moulting and its nunoval aocelerati^s the onset of 
moulting. The relationship between the enzyme activity not-ed above and th(’> 
hormone of the eyestalk suggests a striking parallel to that l>etwwn certain metabolic 
proceases accompanying itioulting and the sinus gland hormone noted by Scudamore 
(r947). It has been pointed out that, iu the craylish, th(‘ formation of gastroliths, 
increase in oxygen consumption and in water conttait, commence some days before 
the moult and that thc^e changes could be induced to take place much earlier than 
in normal animals by bilateral eyestalk extirpation or sinus gland removal. The 
suggestion made by the above author that these motabolii* changes may not bo 
separately controlled by hormonear but are dissociated to form a single functional 
system controlleil by the eyestalk hormone, supports tlu- inference that could bo 
made from the results obtained for tlu^ regulation of tyrosinase activity in Carcinus 
maenas. It apj)cars reasonable to suggest that tjTosine oxidation as a pna'^uraor 
to the tanning of the newly formed cuticle at the time of moulting may bo <mly a 
part of a series of metabolic processes associated with moulting and that any change* 
in the timing of the moulting process may bring about corresponding changes in 
the processes linked up with moulting. 

In this connection it is of interest to compare* the*- hormonal re*gulation of 
moulting in Crustacea and insejcts. It has l)e‘en shown that in insects a dualistic 
control is exercised by two hormone's, a juvenile hormones responsible for the develop- 
ment of nymphal characteristics and a moulting hormone inducing adult traits, thc3 
(‘ffcct prodticcd at any stage being the^ result of the^ two hormones exerting their 
influence in varying degrees (Wiggle's worth, 1040). In Crustacea it is known that 
a moiilt-inhibiting hormone is produced by the sinus gland or as has beem recently 
observed secretecl by the ueurosecrotory centre's in the eyestalk and store'd in 
sinus gland (Bliss and Welsh, 1952). The physiological effee^ts of this hormone 
suggest a similarity to the juveniles he)rme)ne5 of iiisects, produced by the corpus 
allatum or its homologue the Weismann’s ring of Diptora. But it is not known 
whether in Crustacea there is evidence of a nK)ult-inducing hormone comparable to 
that secreted by the intercen^bralis-cardiacum system of insects [see Scharrer and 
Scharrer, 1944). In this connection the observations of Scudamore (1947) arc 
suggestive. He noted that injections of extracts of brain or thoracic ganglia in 
crayfish result in an increased oxygen consumption and stimulate gastrolith 
formation, which characterise animals pniparing for moult. If this is an indication 
of a moult-inducing hormone in Crustacea, a very striking parallel would seem to 
exist with the condition described in insects in regard to a dualistic hormonal control 
of moulting. 

8. Summary 

1. Tyrosine and tyrosinase occur in the blood of Oarcinus ma^rtas. Tyrosinase activity 
shows variations in diffen^ent stages of the moult cycle, while tyrosine content is more or leas 
unchanged . 

2. The fluctuations in tyrosinase activity appear to be relaU^i to the changing redox 
potentials of the blood estimated electrometrically. The potentials show a fall in the stages 
following moulting and a rise before the onset of moulting. The rise of f>otentia! coincides with 
t he period of most intense tyrosinase activity. 

3. It is suggested that low redox potential of the blood may be duo among other factors 
to the activity of an enzyme system, indicated by the cyanide-insensitive oxygen uptake in 
different periods of the moult cycle, showing a depression in the period before moult and a rise 
after the moult. 

4. The fructose content of the muscles shows variations in the course of the moult cycle 
and it appears suggestive that such variations may be related to the enzyme activity as estimated 
by the cyanide -insensitive oxygen uptake. 

5. From the observations made it is suggested that the tyrosinewe activity is kept in check 
for a greater part of the intermoult period by the low redox potential of the blood arising from 
the activity of an enzyme system, the depression of which sometime before moulting raises the 
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mlox m art to make possible tyrosinase activity and the elaboration of polyphenols 

iiivob^ed in tunning. 

S. The control f)f moulting by a hormone elabort^ted in the neurosecretory organs of the 
oytM^talk luiM been stu^lied in mintion to the enzyme system noted above. Experimental evidence 
is rtddu<MHl that the r<?moval of the eyestalks accelerates the normal course of rise and fall in 
the activity of the enzyme in relation to moulting. It is suggested that the eyestalk hormone 
lias a controlling influence on the enzyme system in question as a part of the physiological 
HVHt^un related to moulting. 
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STUDIES ON CYTOCHEMISTRY OF HORMONE ACTION 


Part XIV. Studies in the distkibution and concentkatton of alkaijne 

I»HOSPHATASE IN THE VACilNAL SMEAR OF THE RAT DURING ESTRUS CYCLE: ThE 
EFFECT OF OVARIECTOMY AND REPLACEMENT THERAPY 

/;?/ S. K. PtOY, Amiya B. Kar and .1. X. Karkun, Centra) Dr u(j Research Institute, 

Lucknow 


(CornrnuriicaUid bv B. Miikerji, F.X.I.) 

(Received Aiapfst It) ; read Octnhrr 0, 1U5't) 


The Prohi.em 

'I’hibault and Sonlfiirac ( P) 4S) n‘}»orto<l pnmoiinrrd alkaliru* phosphata.so 
activity in the vaginal rniico.sa of rats. Ovariectomy cans(*rl a total diHa))p(‘aranee 
(T th(' enzyme from the vagina which, however, was restor(‘d on replacement therajiy 
with (‘strogen. Kam(;ll and Atkinson (1948) made similar obstTvations on mice. 
Recently, Ring (1950) rioUd a correlation between phosphatase activity in the 
vaginal (^pitlndium of rats and the diflenait stages of (‘stnis cvck‘. H(‘ pointed 
out that the concentration of tln^ enzyme was maximum in tlu^ pnx^strus and 
minimum in the metac^strus or dicstrus stages. These fmding.s wen* bastal solely 
on histological sections of the vagina and consecpiently do not provjd(^ a derailed 
picture o{ phosphatase distribution in the different cellular elements of the mucosa. 
The vaginal snu'ar ])reparations, on tlu^ ot her hand, allow a much ch^arei* elucidation 
of the enzyme {)att(Tn as the mucosal (‘lements can b(‘ studied individually and with 
better precision. 

In vi(nv of tlu' above, an att<‘mpt has been mad(‘ to investigate the distril)uti(m 
and concentration of alkaline ])hosphatase in the vaginal smear of tlu* rat during 
different stages of estrus cycle. Attention has also been paid in this study to the 
responses ('voked by (jvariectomy and replacement therapy on the distribution of 
this enzyme in the vaginal smear (dements. 

Experimental Procedure. 

Albino rats, weighing ll4*4±10b gms., were used in this study. A total of 
22 animals were used of which 12 wi're ovariectomized and the nnuaining 10 served 
as the normal controls. A group of b operated rats were iiijectcsl intramuscularly 
with I mg. of (\stradiol dipropionate (in 0-2 c.c. of sterile s(^same oil) daily for 6 days. 
The liormone therapy commeiUHNl 24 hours after the operation. An equal numl>er 
of ov(>ri(H*tomized animals were treated with sesame oil alone in a similar manner. 
All the animals were maintained under uniform husbandry conditions* throughout 
the exj>orimental period. 

Daily examination of vaginal smears of the normal rats was made till each 
animal of the group completed all the four stages of the (\strus cvclt\ In the overi- 
ectomized animals, however, the smears were taken from the 7t}) day after the operation 
in order to ensure a ix^sponse of the genital accessories to the operative procedure 
and estrogen therapy. 

The vaginal smears were fixed in chilled 80% ethyl alcohol and processed 
according to the technique of Gomori (1941) for the demonstration of alkaline 
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pliosphataso. The siU>s of enzv'iiie activity in the cellular efoments are marked by 
the deposition of cobalt sulfide in fine black granules. In order to allow critical 
observation of these black granular deposits no counterst-ain was used. The smears 
were dehydrated and mounted in the usual maimer. For comparison, parallel 
smears from each animal were stained with Ehrlich *s licmatoxylin followed by 
alcoholic eosin after ethyl alcohol fixation. 

Results 

The cellular picture vaginal smear of the rat during different stages of c^strus 
(•ycle, is too well known t^ repetition. No athunpt is, thertTore, iUH'essar\- 

for a cytological cliaracterisationm the vaginal smears. It would be quite appro- 
priate to restrict our attention to the changes in the distribution of alkalim* pluKs- 
[)hatase in the cellular elements contained in the smears. 

Diestrus stage - The nucleus of tlie leucocytes stains positively for the phos- 
phatase but the cytoplasm reacts in a somewhat diffuse manner. The (>pitlielial 
cells, however, show considerable phosphatase activity both in the nucleus and in 
the cytoplasm. The overall picture at this stage is on(‘ of pronounced enzymes 
activity (PI. Ill, fig. 1, table 1). 

Proesir 118 stage . — As in tlie^ diestrus condition, tlio nucleus of the^ Jcucoe*yt<\s 
stains positively for the pho.sphatase^ but the cytoplasm is virtually negative fe>r the 
eaizyme^ A mere e)r less similar pattern is notie'euible^ iti the' (‘])ithe‘lial e'l^lls but in 
some of th(‘So, the' enzymic also occurs in the cytoplasm. 

Different stagers of enmification are' se>en in tlie epithehal cells. Some* are 
slightly comified anei show a normal nue^leus but in others the nue'leus is de^genoratcel 
and the entire cell is relatively more* ke'ratinize'el. A fully cornified C(‘ll, however, 
is scale- like and is conspicuous by the absence of a nucleus. 

In tlui cornifieel cells with a normal nucleus an intense phosphatase acjtivity is 
visible both in the nucleus and in the cytoplasm but those with a degenerated 
nucleus stain only faintly. The fully cornified cells, however, are devoid of any 
phosihatase activity (PI. Ill, fig. 2). 

Estrus stage . — Only the enucleated type of cornified cidls arc encountered at 
this stage. These cells stain negatively for the phosphatase (PI. Ill, fig. 3). 

Tabijo 1 


The distribution of alkaline phosphatase in the vaginal smear elements of normal and 

expert menUd rats. 


i 

Diestrus. 

Proestrus. 

Estrus. 

Meioestnis. 

Ovarioc- 
to mixed. 

Ovarieo- 

tomized 

plus 

estrogen. 

Leucocytes 

{ -r ” 

-i : ” 


1 -f" 

1 } f « 


Epithelial cells 


4 -1- 



1- 


Cornified cells — 

(a) With normal 

nucleus 


-i 4' 





(6) With degenerated 
nucleus 


"H 





(c) Without nucleus 


— 

— 





Logend: — 4 i^** — Strong phosphates activity only in the nucleus. 
4 “f Strong activity throughout the cell. 

4 Faint reactions. 

- Negative reactions. 
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MeiaeMrus stage . — The nucleus of the leucocytes gives positive reactions for the 
phosphatase hut the cytoplasm micts only in a faint manner. The enzyme is. 
completely ahscnt in the enucleated cornified cells but a diffuse reaction is given by 
thos<* with a degenerated nucleus (PI. Ill, fig. 4). 

Ovaritetornized rats . — The vaginal smears of ovariectomized rats show a typical 
dicstruH coiidition with an overall high cc)nc<‘ntration of phosphatase in the cellular 
c‘i(unf‘nts. As in the normal rats, only the nucleus of the leucocytes stains ]:K)8itiv<?ly 
For th(^ enzyme but the cytoplasm shows a diffuse distril ution. The epithelial 
cells giv(j a positive* njaction in the nucleus but the cytr plasm reacts intensely. 
I'he isolated (jornified cells, however, show only negligible i^ounts of the enzyme. 

Estrogen therajyy. Only enucleatt^d cornified cells .re visible in the vaginal 
smears of the. ovariectomized rats treated with estrogen. These cells stain negatively 
for the phosphatas(5. 

Discussion 

Th(5 jiresent studios indicate clearly that there is pronounced phosphatase 
activity in the. vaginal smcuir elements during the dif'strus and the proostrns stages. 
However, the activity of the enzynu^ is considerably lowered during the estrus but 
rea{)f)t‘ars from the metiu*struH stage. The ovari(‘etomizcd rats exhibit a typical 
(li(?HtniH [)att<un and estrogen therapy is associated with a lowered activity of the 
enzyme ns in thi* estrus condition. 

Ring (11350) n^ported that phosphatase activity is maximum during the proestrus 
and minimum in tin* metaestrus or early diestrus stages. He added that the con- 
(^entration of the enzyme is considerably less in the estrus condition. Our findings 
on the distribution of alkaline phosphatase in tlio vaginal smears are in general 
agreement with those of Ring. It may, however, bo recalled that we observed a 
r(*eurren<io of (uizy nu^ uetivity in the nu^taestrus siag(* which is significantly enhanced 
during the diestrus. These appar(*ntly discrepant results could be ascrilx'd to the 
tact that Ring focussed his entire atOintion on llu* epithelial (;ells but did not take 
into ae(*.ount the leucocytes wliieh an* found in large numbers during tlu^ diestrus 
uiul the metm'strus stages. As these indls exhibit fairly high enzynu* activity, their 
contribution to the total phosphatase jucture of tlu^ vaginal mucosa has to he taken 
iuU> due consideration. 

Thihault and Soulairac (1948) rioted that ovarieiotomy causes a total dis- 
appearance ot alkaline phosphatiusc from the vaginal mucosa which is adecpiately 
restonnl after replacenuuit therapy with (‘strogen. Similar obsc‘r\'a.tions are rc portecl 
by Karnell and Atkirmon (1948) on mice. Ring (1950), on the other hand, described 
a marked concent nit ion ot the enzyme in the vaginal c^pithelium of tin* ovariectomized 
rats. Estrogen therapy produces a typical estrus pictiu'e of phosjihatase distribu- 
tion. rho |)resent studies on vaginal smear preparations lend support to Ring’s 
findings and show that the activity of the enzyme in ovark^etomized rats is similar 
to tliat of the normal diestrus condition and that estrogen therapy simulates the 
j)hos}>hatase pattcuai of the <\strus stagi*. It may be reci\llcd that the enzyme 
aetivity is considerably high in the diestrus stage but goes down markedly in the 
estrus. 

A question may now be raised as to the physiological significance of the cyclic 
fluctuations in vaginal phosphatase aetivity during the estrus cycle. Ring (1950) 
suggested that the enzyme is eoncerned with the formation of keratin in the epithelial 
cells. The present findings also subscribe to such a concept. In this connection, 
reference may be made to our observation that there are three stages in the cornifica- 
tion of epithelial cells which art> clearly discernible by the condition of the nucleus. 
In the initial stage when the formation of keratin has just commenced, the nucleus 
presents a normal appearance. With rapid progress in the process of keratinization, 
the nucleus becomes degenerated whereas in a completely karatinized cell it is 
absent. Concomitantly, the phosphatase activity is very high in the initial stage 
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of keratinization but is considerably reduced as keratinizatlon progresses and is 
practical]}’ absent in a fully cornifled cell. Apart from tliis, it is also pmbable that 
the <aizyme is concermnl with the proliferation of the epithr>lial cells, particularly 
during the proestriis stage when the vaginal mucosa thickens apprtHiahly and 
numerous mitoses appear in the basal epithelial layers (Turner, 1948). 


Summary 

1. Pronouncod alkalina phosphat^a activity is visiblo in the vaginal ammira df (!\<> rat 
(iuriiig the diestrus and the p^eatrua stages. The activity of the eir/.yine is considerably ivduced 
(luring the ostrus but there ia \r^urrence from the metaostrus stage. 

2. Ovariectomy inducoa pattern of phosphatase distribution luit replace 

iiient therapy with estrogen is associated with a low enzyme ( oiioont ration ns in the estrus. 

3. The phosphatase is probably concerned with the keratini/ation and proliferation o( the 
epithelial cells of the vaginal mucosa. 
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Explanation of Plate III 
[All figures are photomicrographs and are magnified y. 41)0.) 

F'la. 1. Vaginal smear elements of a rat in diestrus condition. Note })ronounced phesfiliataso 
aidivity in the large epithelial cells. 

Fro. 2. Vaginal smear picture of a rat in proestrus stage. Note the distributio/) of alkaline 
phosphatase in the epithelial cells which are in different stages of cornifioation. Leuco- 
cytes are not shown in the figure. 

Fig. 3. Vaginal smear elements of a rat in estrus. Phosphatase is absent, from the scale-Iiko 
cornified cells. 

F:g. 4. Vaginal smear piftiure of a rat in metaestrus condition. Note tlie distribution of tlie 
enzyme ii? the different elements. 
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Inthodiktion 

The only work on the cytology the nuclear apparatus of the genus Carcheaium 
is that by PopoflF (1908) on C, poly pin urn. Recent studies on allied genera of 
Peritricha, e.g., Trichodina s]). (DilltT, 1928), ZooOuimnium arbu.scula (Firrssenko, 
1929), Vorticella rnicrostorna (Finley, 1943), Urceolaria synajpiae ( ?) (Cohvin, 1944), 
Lagenophrys tattersalli (Willis, 1948), Vorticella convaUaria (Seshachar and Dass, 
1951), Rhabdostyla vernalis (Finley, 1952) and EpiMylis articnlata (Dass, 1953) have 
shown a number of interesting features in the cytology of this group, viz., variation 
in the number of micronuclei, form and shape of the macronucleus, behaviour of the 
maoronucleus during binary fission, difference in the number of progamic divisions 
of tho micronuelous in the two conjugants and behaviour of the macronucleus during 
conjugation. The present study is an attempt to interpret the condition in Carche- 
sium spectabile in consonance with these recent findings. 
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Material and Methods 

The colonies of Carchesium specUibile are found attaclied to weeds and rocks in 
running sewage water. Pillai and collaborators (1942) have shown that among the 
dominant organisms met with when raw sewage is aerated, are jxjritrichous cUiatos 
of the genera Vorticella, Epistylis, Carchesium, Zooihamnium and Opercularia, This 
f^ct was made use of in obtaining largo supplies of material. The material was 
collected from flowir^ sewage waters about six miles out of Bangalore and 
while some of it was filled on the spot, large quantities were brought to the laboratory 
for further examination ^nd treatment. The material was fixed in hot Sohaudinn’s, 
Camoy s and San Felice \ fluids and stained in Peulgen-light green. 


Observations 

The vegetative individual. 

The nuclear apparatus, as in other euciliates, compri'^es two entities, the macro- 
iiTicleus and the micronucleus. The macronucleus is a greatly elongated, cylindrical 
body. It has no definite shape and can best be (le^scribed as an irregularly bent 
cylinder. It exhibits a fine granular appearance and gives an intense Feulgen 
reaction. During the height of trophic activity a number of Feulgen negative areas 
are seen in the macroiiiicleus (PI. IV, fig. 1). They are not seen during binary fission 
nor do they occur in conjugating animals. The micronucleus, on the other hand, is 
a spherical body av^eraging about 5 /x in diameter. It is faintly stained, compared 
with the macronucleus. One micronucleus is generally found in each animal. 
However, instances are abundant whore multiraicronucleate individuals occur. 
Animals with two, three and even four micronuclei are fouiui in my material (Text- 
fig. I, figs, a, b and c; PL IV, fig. 4). The future behaviour of such multimicronuoleate 
animals indicates that once the variation is introduced, it becomes j>erpetuatod in a 
colony for a considerable time, all the micronuclei taking part in division. 

Binary fusion. 

This is the common method of asexual reproduction. The division activity is 
heralded by changes in the micronucleus. It loses its uniform appearance and 
thread-like chromosomes are faintly discernible. The nucleus increases in size and 
later jissumes a spindle shape. The chromosomes move to the poles and the daughter 
nuclei are pushed far apart by the central spindle that develops between the two 
anaphase chromosome sets. As the two daughter micronuclei separate the cleavage 
furrow starts from the oral end and the macronucleus stretches across it. Eventually 
the macronucleus is cut into two almost equal halves (PL IV, fig. 2). This sequence 
of events takes place in quick succession. 

In some members of the colony, another type of binary fission, where the 
macronucleus condenses into a deeply staining polymorphic body prior to its splitting, 
is also noticed (PL IV, fig. 3). Such a phenomenon was found in Epistylia articulala 
(Dass, 1953) but the tine filamentar processes produced by the macronucleus into 
the cytoplasm in Epistylia were not seen in Carchesium. 

Conjugation. 

The process of conjugation can be divided into four ph^ises: (a) formation of 
eonjugants, (6) fusion of the conjugants and formation of synkaryon, (c) formation 
of nuclear anlagen, and (d) reorganization fissions. 

(a) Formation of conjugants 

As in all Peritrichous ciliates, the two individuals participating in conjugation 
differ in size. The smaller microconjugant is produced earlier than the macro- 
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conjugaiit. At; uertaiit |>orio(lH one notices the production, in very largo numbers, 
of the microconjugants in the colony; it would seem the stimulus for their formation 
jxjrvade^ the whole colon 3 ^ Microconjugants arc produced by normal individuals of 
a colony by a stories of fissions. The first division gives rise to two animals which 
af){K*.ar to pause for a while until each develops a stalk. Two divisions follow this 
Huccessively, — each stalk bearing four small animals (Toxt-fig. I, fig. d). All the 
four microconjugants detach themselves soon and swim about in search of macro- 
con jugants. 

The formation of the macroconjugant appears to involve /lo preparatory division. 
Any vegetative individual of the colony seems capable /v)f acting as the macro- 
corijugant. However, I have noticed a slight change^^/the nuclear apparatus of 
potential macroconjugant. The macronuclcus-^^ntbitd a tendency to bo drawn 
out into a skein, while the micronucieus increases in size and becomes fainter. 


( 6 ) Fusion of conjufjants and forrmition of synkaryon 

When the microconjugant comes in contact with the raacroeonjugant, it spins 
on its surface for a while anrl attaches firmly. Tlu? position on the body of the 
maoroconjugant wher(5 it attaches is highly variable and perhaps the entire surface 
of the body is reooptivii to it. But the most common sites of fusion are at the base, 
on either side of the stalk (PI. IV, fig. 5), and on the sides of the body. More than 
one microconjugant is ofUm seen in association with a macroconjugant. It is also 
seen, in some instances, that one microconjugant is attached to another which is in 
association with a macroconjugant (PI. IV, fig. 6). 

The nuclear changes in the two conjugants can bo treated under two heads: 
(a) the micronucieus and (h) the macronucleus. 

(а) The micronucieus , — The beginnings of microuucloar activity in the micro- 
conjugaut are seen even b(‘fore its attachment with the macroconjugant. The 
micronucieus starts the first division, and if the time spent by the microconjugant 
in search of a macroconjugant is long enough, tliis division is completed. As a 
consequonee, at the time of contact, tlie microconjugant has two micronuclei, while 
the maeroeoujugant has only one (Text-fig. 1, fig. e). In those instances where the 
microconjugant comes in contact with tlie macroconjugant immediately after the 
former’s rek*as(5, it is seen that the mitToiiucleus of the macroconjugant waits for 
the completion of the first division of the micronucieus of the microconjugant. The 
first and second divisions of the micronucieus of the macroconjugant are completed 
along with the second and third divisions of the micronucieus of the microconjugant 
(Text-fig. I, figs. / and g). Consequently, eight progamic nuclei are found in the 
microconjugant while only four are seen in the macroconjugant. One progamic 
nucleus of each of the conjugants becomes the pronuclous; the rest are absorbed 
in the cytophism. 

(б) Th^ macranucleus, — The meeting of the conjugants brings attendant changes 
in their macronuclei also. The maeronucleiis of the microconjugant splits into 
throe or four bodies which later break up into 15-20 rounded bodies. The behaviour 
of the macroniicleus of the macroconjugant, however, i.s interesting. It is 
thrown out into a skein, as in other peritrichous forms. A number of small deeply 
stained bodies are extruded from it and these are absorbed in the cytoplasm 
(Toxt-fig. I, fig. e). A little later, the macronucleus breaks up into a number of 
elongate bodies, which gradually fragment into spherical bodies numbering about 
150-200. The fragments average 2-3 in diameter. 

The fusion of the pronuclei takes place almost immediately after the boundary 
between the two conjugants breaks down and in the earliest synconjugant, the pale 
large and spherical synkaryon can be easily differentiated from the many macro- 
nuclear fragments derived from both conjugants that literally fill the cytoplasm. 

4B 
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(c) Formation of the nuclear anlagen 

Immediately after its formation, the synkaryon divides sucoeesively thrice 
giving rise to eight nuclei; each is about 5 /i in diameter and a faint indication of a 
granular network-like structure can bo seen in it. Soon, seven of them enlarge in 
size to about 16 /x in diameter while the other shrinks in size to about 3 /a (Text- 
fig. I, fig. A). The seven* enlarged bodies are the macronuelear anlagon while the 
eighth is the micronucJear anlage. The macronuelear anlagen can be distinguished 
from the micronuclearYinlago not only from their larger size but also from the fact 
that while in the form(^, the network-like appearance is seen clearly, the latter 
presents a homogeneous \5pearanco characteristic of the definitive micronucleus. 

(d) Reorganization fissions 

The seven macronuelear anlagon continue to increase in size, and roach a dia- 
meter of 20-25 /X. During this later period of growth the fine network-like appearance 
is lost and the anlagen present a faint liomogoneous and granular structure. At 
this stage the reorganization fissions are initiated. During the first fission the 
macronuelear fragmemts (derived from both the conjugants) become somewhat 
localized at the base of the synconjugant while the macronuelear anlagen lie free in 
the cytoplasm towards the oral end of the animal. The micronucleus divides by 
mitosis and the two daughters separate. With the movement and separation of 
the micronuclei, the maor()uucl<‘ar anlagen also si'grogato into two groups of throe 
and four (Text-fig. I, fig. i). The division of the cytosomo also ensures an approxi- 
mately equal distribution of macronuelear fragnuuits between the two daughter 
individuals. There is a considcu’able lapse of time between the first reorganization 
fission and the second. During this period the macronuelear anlagon increase in 
size to about 46-50 /x and also bc^corae progressively deeply stained. The second 
reorganization fission segregates tlie macronuelear anlagon among the daughters 
so that they get 2, 2, 2, and 1 (Text-fig. I, fig. k \ PI. IV, fig. 11). There is a considerable 
time interval between the second and third reorganization fissions. The coll grows 
in size during this period, as also tlui macronuelear anlagon, which at this stage 
show a number of poorly stained furrows. The macronuelear anlagen has reached 
a size of 120-150 /x in (liametcr by the time the tliird reorganization fission starts. 
At the end of tlie thiixl reorganization fission, each individual has one macronucleus 
and a micronucleus (PI. IV, fig. 13). Maximum nucieination of the anlagen is noticed 
at this period. The macronuelear anlagen retain their more or less spherical shape 
during reorganization fissions. 

An interesting feature in regard to the macronuelear anlagen refers to their 
rate of nucieination. It was observed that in a number of instances there was no 
uniformity in this matter in the anlagen derived from the same synkaryon — while 
in one daughter cell, the nucieination of the anlagen had progressed considerably, 
and they appeared in Feulgen preparations, brilliantly stained, in the sister individual, 
nucieination had not advanced to the same extent and the anlagen were relatively 
faint (Text-fig. I, fig. /). It was even noticed that the anlagen in the same organism 
sometimes differed in their nucieination as judged by their reaction to Feulgen. 
In an individual with two anlagen, of about the same size, one was decifledly more 
positive and brilliant than the other. In all such cases where nucieination was 
I)oor, the assumption of the final cylindrical form of the macronucleus was delayed 
until the anlagen had acquired the requisite amount of nucleic acid, the anlagen 
remaining as polymorphic bodies during the process. 

There appears to be an interesting correlation between the rate of nucieination 
of the macronuelear anlagen and the rate of absorption of the macronuelear frag- 
ments. In most cases, with every reorganization fission the macronuelear fragments 
get distributed between the daughter individuals almost equally, but most of them 
are absorbed by the second reorganization fission. In a few cases, however, they 
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persist till after the second fission and are sometimes seen oven in the completely 
reorganized individuals (PL IV, fig. 14). In cases where the fragments are absorbed 
early, the macronuclear anlagen ‘are conspicuous by their deep Feulgen reaction 
(PI. IV, figs. 9, 10 and 12), while in instances where the fragments persist long, the 
anlagen are faint and only slowly and gradually acquire their final intensity (PL IV, 
figs. 1 1 and 14). This appears to offer evidence of some type of a relationship between 
the dissolution of tin* macronuclear fragments and the nueleination of the anlagen. 

Discussion 

Nuclear apparaiua. 

The nuclear apparatus of Carchesium -^peciabile rcst^rnble.s that of <^thcr Peritri- 
ehous ciliates. The great length and tortuous natim^ of the inaeronucleus, however, 
are very striking. The appearance of Feulgen negative anuis in the raacronucleus 
during certain phases of life-history of these ciliates lias been recorded in other 
Peritricha, e.g., Zoothamnium aUernam (Fauri^-Fiviniot, 1930), Vorticella microstoma 
(Finley, 1943), Urceolaria symptae ( ?) (Oolwin, 1944) and Kpisiylis articulata (Dass, 
1963). Colwin (1944) regards tliese areas as pits caused by the throwing off of 
chromatin balls into the cytoplasm and compares the process with the phenomenon 
of ‘hemixis* described by Diller (1936) in Paramecium aurelia. I have not observed 
in C. spectahile any t:hromatin elimination in the vegetative^ animal. In E. articulata 
(Dass, 1953) also these areas were noticed in the maeronuclous and the application 
of Unna’s methyl green-pyronin mixture allowed them to be stained deeply with 
pyronin. A similar condition obtains in C, spectahile also and it is possible that 
these areas represent pockets of ribonucleic acid. It is interesting to sec that such 
areas are presemt during the height of trophic ac^tivity and do not occur during the 
division phase. In this, as well as in its nucleic acid content, they resemble nucleoli 
of Metazoa. 

Biliary fission. 

Of the two types of binary fission that have been recorded, it is the second, 
where the niacronucleus becomes a ])()lymorphic body, that is more intiTesting. A 
similar type of <li vision was also observecl in E, articulata (Dass, 1953). The 


Explanation of Text-fio. I (see page 178). 

Figs, a, 6, c. — Bi-. tri* and totramicronuolouto individuals. x700. Feulgon-Eight grexm. 

Fig. <1. Microconjugant formation. On ono stalk bunch of four rnicroconjugants seen, while 
on the other they are still in the process of formation, x 700. Feulgen-Light gre<ui. 

Fig. p. Conjugation. In the microconjugant first progamic division is over while in the ma<w* 
conjugant tlio micronucleus is in propiiase. X 700. B'eulgen-Light green. 

Fig. /. Conjugation. The second progamic division of the micronuclous of microconjugant 
and first progamic, divi.sion of that in macroconjugant are over, x 700. Foulgen-Light 
green . 

Fig. g. Conjugation. Pronucleus in eaw^h conjugant ready. The residual progamic nuclei are 
seen as small dark bodies. Already a number of them have been absorbed in the cyto- 
plasm. X 700. Feulgen-Light green. 

Fig, h, Synconjugant. The cytosome filled with macronuclear fragments. Macronuclear 
anlagen differentiated. Faint network-liko structure still seen in the anlagen. Micro- 
nucleus small and faint, x 700. Feulgen-Light green. 

Fio. ♦. Fj individuals. The macronuclear fragments greatly reduced in number. X 700. 
Feulgen-Light green. 

Fio. y. Fj individual. All fragments absorbed in the cytoplasm, x. 700. Feulgen-Light 
green. 

Fio. k, F* individuals. The macronuclear anlagen have increasexi in size. All the macro- 
nuclear fragments are absorbed, x 700. Feulgen-Light green. 

Fig. 1. Fg individuals. The rate of nueleination of the anlagen is not the same in sister 
individuals. The macronuclear fragments still persistent, x 700, Feulgen-Light green, 
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condition scfm in C. specUibile, however, diflfers from that in E, articulata in that 
fine filamentar x)roa*fcjfieB given off from the macronucleus in the latter species are 
not seen. The significance of the process is not clear. 

MicronttcUnr mrifUion. 

(icnerally there is a single micron ucleu.s in C. spectahile, but occasionally in- 
dividuals with two, three? or hiur micronucha are met witfi. It would apjx^ar, 
among PcTitricha only Epistylis shares this f(‘aiure with Carchf'sinniy though in 
other cuieiliatcis it is a common (enough [)henomcru)n (Par^tnfciuyn hursaria^ Ham- 
burger, 1904; Woodruff, 1931 ; P. trirhium^ Wcnrich, 192fK P. caudatum, Wichterman, 
1946). Whatever the agency responsible for tlu; iiuroduetion of rnultimicro- 
nuelearity in other eiliates, in C. spectahile it would seem to be due to a mis-step in 
binary fission, the eyiosorno and the macronucleus not following micronuclear 
division. It was ob.servefl tliat binary fission is initiated by tlie micronucleiis, and 
only long afU^r the separation of the two daughter nii(T(»iuK*h I do the macronucleus 
and (?ytosome flivide, A failure? of the ee;!! to divide after tla? division of the micro- 
nucleus w(ndd rt'Hult in birni(‘roiiueh‘arity, and a rep(‘tition of ih** sa!n(‘ plionomenon 
would lead a further multipli<*ity of microiiucka. It was noticed tliat oncx? this 
condition was introduced it was p(?rpetuat(w] ovxs* a luirnb r of g(‘nera(ion.s, until 
jXThaps at conjugation, it was no tified and normalcy restored. 

Conjugation. 

The phenomenon of conjugation can bo broadly divided into four stages: 
(a) formation of (?onjugaiits, {b) fusion of conjugants, (c) formation of nuelear 
anlagen and (d) reorganization fissions. 

(a) Formation of conjugants 

The Peritri(!ha as a rule aF<' eharacterised by dissimilar eonjugants. The 
macroconjugant is geiuTally a veg('tative iudi vicinal, sonudinu's with a definite 
position in the c(»lony as in Zioothamnlum arbv.^cu/u (Furss^ nko, 1929), Z. alternant 
(Summers, 1938) or jiIkmsI at random as in (Uirchesiuni poJypinum (Popoff, 1908) 
and Ophrydiurn vermtUe (KalUailiaeh, lOlfi) and K. articulata (Das.s, 1953). It is 
produced by a spoeial * sex-differentiating' division of a vegetative individual in 
Opercularia coarctata (Phiriipies, 1907) and preeonjugatiou division in Vorticella 
microstoma (Finley, 1943) and Ixigenophrys sf)., (Awerinzt w, 1912). In C. spectahile 
any vegetative? individual of the colony seems capable of being transformed into a 
macroconjugant. In such individuals the macTonueleus sliows an incipient skein 
and the mieronuclous, an initiation of the division process. 

The microconjugant, on the other hand, is very much smaller. It is produced 
by at Iciist four different methods in Pcritricha: (1) ‘ Rosette formation', whore a 
vegetative individual of the colony undergoes two or three successive divisions, viz., 
Vorticella monilaia, V. nebulifera and V. putrina (Miiupas, 1888), Carchesium poly- 
pinurn (Popoff, 1908), Zoothamnium (arbuscula) aliernans (Stein, 1867), Z. geniculatum 
(Wesen berg- Lund, 1925), Episfylis plicatilis (ClaparMo and Laehmann, 1858-1861), 
E. si)nulans (Plate, 1888), E. articulata (Duss, 1953), Trichodina sp., (Padnos, 
1939), Glossaiiila tiniinnnlndum (Penard, 1922), Opercularia infusionum (Stein, 
1867) and Ophrydiurn versatile (Kaltenbaeh, 1916); (2) Unequal division of the vege- 
tative individual, smaller of the two produets becoming the microconjugant, viz., 
Vorticella convallaria and V. campanula (Engelmann, 1876), V. microstoma (Finley, 
1943), Vayinicola (Cothurnia) crystallina (Penard, 1922), Cothurniopsis sp., (Penarcl, 
1922), Lagenophrys labiata (Awerinzew, 1912; Penard, 1922), Pyxidium inclinans 
and P. curvicauh (Penard, 1922), Opercularia coarctata (Enriques, 1907), Opisthonecta 
henneguyi (Rosenberg, 1940); (3) Metamorphosis of sp(*cial cells — the raicrozooids — 
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of the colony, viz., Zoothamnium aUernan^ (Summers, 1938a); and (4) Sex-differon- 
• tiating division, producing a macroconjugant and a protoconjugant the latter 
dividing agam or twice to* give rise to microcoujugants, viz., Lagenophrys 
tattersalh (Willis, 1948) and vernalis (Finley, 1952). The microconjugant 

formation in C, spectabde is of the first type, but there is seen a time lag between 
the first and the succeeding two divisions, thus the micn)co*i;jugants are found in 
two bunches of four e^Tch borne on different stalks. 


(b) Fusion of conjugants 

Conjugation involv^es Hie meeting of the two conjugants, attendant changes 
in the nuclear apparatus and the final fusion and merging of the microconjugant 
into the body of the macroconjugant to produce a synconjugant. The point of 
interest during conjugation in Poritricha centres round the micronucloar divisions 
in the two conjugants. Popoff (1908) observed that in 0. pohjpinnm the micro- 
nucleus of the microconjugant undergoes three divisions. He described the first 
division as ‘Preliminary division’, which takes a long time to complete while the 
subsequent two divisions occur in quick succession. Of the eight nuclei so produced 
one persists and the rest degenerate. This persistent nucleus divides again and 
two nuclei are produced. One of these degenerates and the other becomes the 



Text-fig. II. Diagrammatic roprosoniation of tho soquonc© of micronucloar divisions in 
micro- and macroconjugants. Only tho micronucleus and its products are shown. 

Fig. a. Macroconjugant retuiy for conjugation. The micronucleus has entered tho propbase 
of first progamic division. 

Fig. a. Free microconjugant just released from the parent stalk. The micronucleus in resting 
condition. • 

Fig. 6. Free microconjugant. Metaphaso of first progamic division in progress. 

Fig. c. Free microconjugant. First progamic division is complete. 

Fig. B. Conjugation. Microconjugant just come in contact with the macroconjugant. The 
micronucleus of macroconjugant is still in prophose of first progamic division, while that 
in microconjugant has completed the first division. 

Fig. C» Conjugation. First progamic division in macroconjugant and second progamic division 
in microconjugant in metaphase. 

Fig. D, Conjugation. First progamic division of raicronucleiis in macroconjugant and second 
progamic division in microconjugant are over. 

Fig. E, Conjugation. Second progamic division metaphase in jnacroconjugant and third 
progamic division metaphase in microconjugant. 

Fig. F, Conjugation. Second progamic division in macroconjugant and third progamic division 
in microconjugant are over. 

Fig. O, Conjugation. The pronucleus in each conjugant is ready. Tb® bodies are the 

residual progamic nuclei. 
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pronueteuB. Thus the pronuoleus of the microeonjugant, according to Popoff, is a 
product of the fourth division of the micronucleus. In the macroconjugant also, 
according to him, a similar process takes place in* the production of the pronucleus. 
However, recent work on other Peritricha (Finley, 1W3 and 1952; Dass, 1963) has 
revealed that the number of divisions of the micronucleus is not the same in both 
(jonjugants — the micronucleus of the microeonjugant * undergoes three divisions, 
while that of the macroconjugant, two. Generally the first division of the micro- 
nucleus of the microeonjugant is considered as a ‘ Preliminary division Finley (1962) 
considers that the first <li vision of the micronucleus of the microeonjugant in the 
memlHjrs of the order Peritridia ‘is a vestigeal process reminiscent of a phylogeneti- 
cally earlier stage when the smaller conjugant was formedJi>y repeated equal divisions 
He has also suggested that ‘ this extra division has arisen de novo in the raicro- 
conjugunt line and has no homologue in the macroconjugant or in the conjugation 
of other ciliates’. In this context the condition obtaining in C\ BpeciobiU is illus- 
trative. It may lie ro(;alled that in most (rases at the time of meeting of the macro- 
CMjnjugant the micronucleus of the microeonjugant has undergone tJie first progamic 
division, a (rondition identical with that seen in VorticMa microstoma (Finley, 1943) 
and RhaMosiyla vernalis (Finley, 1962). The inieronin leus of the macroconjugant 




TeXT-itio. III. Dia>?rftmjnati<5 ropri'sentatiou of the Hoquence of mk roniiclear division in micro- 
and macro -con jugants when conjugation occurs pnx-ociously. Only tho micronucleus 
and its products are shown. 

Kio. A. Mtwroconju^ant ready for conjugation. The micronucleus has enteretl prophase of 
lirst progamic divi.sion. 

Fio. ri. Free microeonjugant. The micronucleus in nesting stage. 

Fig. /L Conjugation. The miortwonjug^int just come in contact with macroconjugant. Tho 
raicromicleus of macroconjugant still in prophaso of first progamic division. The micro- 
nucleus of microeonjugant in noting condition. Compare this With Fig. B of text-fig. II. 

Fig. C. Conjugation. The micronucleus of macroconjugant in prophase of first pro^mic 
division. The rnicronucleua of the microeonjugant in metaphase of first progamic division. 

Fio. /). ^njugation. Tho micronucleus of macroconjugant in prophase of first progamic 
division. The micronucleus of the microeonjugant has completed the first progamic 
division. Condition similar to Fig, B of text-fig. II. 

Fio. B. Conjugation. First progamic division metaphiwe in macroconjugant and second 
progamic division metaphase in microeonjugant. 

Fio. F . Conjugation. First progamic division in macroconjugant and set^ond progamic division 
in microeonjugant are over. 

Fio. Conjugation. Second progamic division metaphase in macroconjugant and third 

progamic division motaphase in microeonjugant. 

Fio H. ^njugation. Second progamic division in macroconjugant and third progamic 
division in microeonjugant ore over. 

Pio. /, Conjugation. The pronuclous in each (conjugant is ready. The dark bodies are the 

residual progamic nuclei* 
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which has already entered prophase in preparation for <x)njugation now prooo<>d8 
further to reach first progamic metaphase. Simultaneously the second proganuc 
metaphase is reached in the microconjugant also. The second progamic division 
in the macroconjugant and third progamic division in the microconjugant take 
place synchronously (Text-fig. II, figs, A~0). Wliile this is tlio normal picture, 
in some instances, the meeting of the microconjugant and the macroconjugant 
takes place early, before the first progamic division of the inicronuchms of the 
macroconjugant has taken place. In such instances, though the micrunueleus of 
the macroconjugant has already entered the prophnsc^ of first progamic division 
it stays at the stage till the first progamic (livision is completed in the micro- 
conjugant. It is only after tliis, the micronucleus t>f the macroconjugant t^nt^^rs first 
progamic metaphase and simultaneously the nucronuclcuH in th(^ microconjugant 
also enters second progamic metaphase. The tliird division in tlu* microconjugant 
and second division in the macroconjugant occur simultaneously (T(*xt-fig. Ill, 
figs. A-I). The latter condition indicates that tiie difference in the luunlxT of 
progamic divisions of the microniicleus in the two conjugauts may b(‘ due to the 
Ijohaviour of the mieronuclous of the maeroconjuganl. At any rat^.‘ this .setuns 
more plausible than considering the first progarnie division in the mieroeonjugant 
as having arisen de novo. The time taken for completion of the first progamic 
division in the macroconjugant is equivalent to the time taken for tlie two divisions 
of the counterpart in the microconjugant. The macroconjugant behaves as a siKaaa- 
lized cell which requires a stimulus for the first progamic division to progress and 
this seems to bo provided when the first progamic division is complottal in tlu^ micro- 
conjugant. A similar, but slightly different, condition has been record(id in Epistylis 
articulata (Dass, 1953), where the first division of the mieronuclous in both coujugants 
start simultaneously and proceed up to metaphase. Thereafter, the division process 
is arrested in the macroconjugant and is resumed only with the second progamic 
division metaphase in the microconjugant. In tliis difference in time factor during 
progamic divisions, as also the size and future behaviour, thi^ macroconjugant of 
Peritricha resembles the ovum of metazoa. 

(c) Formation of nuclmr anlagen 

Formation of the synkaryon and nuclear anlagen follows the complete fusion 
of the microconjugant with the macroconjugant. In no instance was a residual 
microconjugant observed, though Popoff (1908) found it in Garchenium j^olypinum. 

Generally, soon after the fusion of the pronuclei the unused progamic nuclei 
are absorbed in the cytoplasm. In a few cases, viz., Vorticella microstonvi (Fiiiley, 
1943), Rhabdostyla vemalis (Finley, 1952), Zoothamnium arbnscnla (Furssenko, 1929) 
and Epistylis articulata (Dass, 1953) they persist for some time, and can be n‘cognized 
long after the synkaryon has started its division. In C, spectabilc, howt^ver, all 
progamic nuclei except are absorlx'd in their respective conjugants long Ixjfore 
their fusion. 

The synkaryon is formed only in the macroconjugant and this is tlie condition 
observed in most peritrichous ciliates. But a reciprocal exchanges of pronuclei 
with the formation of a synkaryon in each conjugant has been reported in Zootham- 
nium arbuscula (Furssenko, 1929) and Urceolaria aynaptae (?) (Col win, 1944). The 
85 mkaryon divides thrice successively to give rise to eight bodies, a feature common 
to all peritrichous ciliates so far studied. They are all alike and a fine network 
of thread-like structures is seen in all. Later, however, in one of the eight bodies 
the network-like structure gives place to a uniform homogeneous appearance. It 
also undergoes a reduction in size. This is the micronucleus. The other seven are 
the macronuclear anlagen. 

A variation in the number of macronuclear anlagen has been recorded by 
CJolwin (1944) in Urceolaria aynaptae (?) but Finley (1952) has pointed out that 
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the author may have confuse^l a macronuclear fragment for a macronuclear aniage. 
Willis (1948) observed in Ixigenophrys tattersalli a number of instances where ‘the 
morphologically single macronucleus shows a gitiss, moniliform character, with two, 
three, four or seven IoIk's, i.e., with the number of lobes corresponding to the 
number of discrete aniagen found in normal distributive stages. This may indicate 
that in certain caw 3 S the aulagen become fused together’.* Outside tliis observation 
of Willis, in no other Peritricha has such a fusion of macronuclear aniagen been 
rej)ort(*d. Only in one instance, a departure from the conventional condition has 
hc'cn record<?d ; in (‘asf* of Vorlicella convallaria (Seshachar and Dass, 1951) where 
irtstead of seven <»f the eight bodies becoming transformed into macronuclear aniagen, 
only six do so aiul the remaining two become micronudear aniagen. 


(d) Reorganization fissions 

Once the maeronmnear aniagen arc differentiated, the subsequent behaviour 
is easily follow(?d. The faint lu^twork-like structun^ is soon lost and the aniagen 
api)ear liornogeneous. This initial diffcnaitiation is followed by an increase in size 
and a progn‘.ssiv(' ninlciriation. The lirst nM>rganization fission takes place at this 
stage. The interval lx‘tw(‘eii the second and the third reorganization fissions is 
fairly long and during this period th(^ growth and nuckunation of macronuclear 
aniagen take place. Ati intcrestiTig f(‘ature recorfled in this form is the differential 
rate of nucleinaticm of the sister aniagen. Such a condition has not been observed 
in any other |writrichous ciliate. 

The fate of the old macr(jnu(?t(ni8 of the conjugants is interesting. The macro- 
nucleus of both conj\igaT\is breaks up into a inunber of fragments which fill the 
eytosome of the synconjugant . A gradual nHluction in their numbers, by absorption, 
takes place now. Kedu(4i<in at a mon^ ra])id rate takes plac(‘ later during differentia- 
tion of the macro- and micTonuclear anlag(^n. Most fragments are absorbed in the 
cytoplasm by tlu^ third reorganization fission. In some instances, the absorption 
is so rapid that no fragments are found even in tlu^ individuals. The significance 
of the rate of ahsorptioti of the fragnuaits be(‘om(‘s apparent in instances where 
there is differential nuek'ination of the maeroiiuclear aniagen. In some instances 
the macronucl(‘ur fragments an* sern to persist np to the end of reorganization 
fissions and are found even in the fully r<K)rganized individuals. In them, the 
iiucloination of the aniagen is slow and gradual while in eases where the absorption 
of the fragments takes place early, the nueleination of the aniagen is also eiirly 
and complete. This confirms tin* view that the absorption of the macronuclear 
fragments is perluips not just ‘deg(‘iuTation’ or ‘elimination’ of the old macronuclear 
material, but is a recons t it iitiim of the ol<l maiToiuielear material on a new frame 
work (Seshachar, 1947). 


Summary 

The nuclear apparatus of CarcfieMum spectabile consists of ivn irregularly drawn out cylindrical 
macronucleus and a smtUl spherical micronucleiis. 

During trophic activity a number of Feulgen negative .spaces appear in the macronucleus. 

In addition to unimicronucleate forms, in some colonies, indi\ddual.s with two, three and 
four mioronuclei are also seen. 

Two types of binary tlsaion are observed occurring in members of the colony, the criterion 
of difference being the behaviour of the macronucleus. 

A vegetative individual undergoes a preliminary division and both the daughter cells pass 
through two further successive divisions to produce four microconjugnnta each. Hence there 
are eight microooujugants derived from a vegetative individual. 

The macrooonjugant is produced by differentiation of a vegetative animal. 

The microoonjugant is liberated as a free -swimming body and during this free-swimming 
search period its micronucleus \indergoes a division. In those instances where the search period 
is sliort, the micronudear division is not complete at the time of attachment to the macro- 
oonjugant. 
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More than one microoonjugant may attach itaelf to a macroconjugant. All of them undergo 
nuclear changes. 

The micronucleus of nucroconjugant jmdergi^s tliree divisions while that of macroconjugant 
two. One of the progamic nuclei in each conjugant becomes a pronuoleus and the rest are 
absorbed in the cytoplasm. The macronucleus of both conjugants fragment. 

The microconjugant merges with the macroconjugant m toto to form a synconjugant. 
Two pronuclei fuse to form a 83{nkaryon. The synkaryon divides thrice successively to form 
eight metagamic nuclei of which seven l>ecome the rnacroiuiclear anlagen while the eighth is 
the micronuclear anlage. • 

The maoronuclear anlagen enlarge and progressively become nueleinated. The nucleituiiion 
is often not uniform among sister anlagen. 

The maoronuclear fragments tiro at first absorl>od gradually, but later, during the differen- 
tiation and growth of the raocronuclear anlagen, the absorption is more rapid. In those inslaiK'Os 
where the nucleiiiation of maoronuclear anlagen takes place slowly, it is noticed that the rate 
of absorption of the fragments is also slow. 
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Platk fV 

Fro. I. Vegetative individual showiirg Feulgtm negative spaces in th€> rnacToniieleu.s. > 720, 

F(Milgen*Light gre<^n. 

Fiu. 2. Binary hssion 4’ypo I . x 3H0. Feulgon* Light green. 

Fro. 3. Binary fi.ssion Tj'pe 11. - 360. Foulgon- Light green. 

Fio. 4. Bi* and tetra-rnicronucloato individuals. :<360. Foulgon-Light green. 

Fro. 6. Conjugation. Hiorooonjugant just attaehed to rntvcroconjugant. x720. Foulgen- 
Light green. 

FlO. 6. Conjugation. Maoroconjugant with two liiicroconjugants. One of them not in 

diroot contnet with the marjroeonjugant. - 720. Feulgen-Light gi*een. 

Flo. 7. Synconjugant. The cytosorno i.s filletl with macronur'lear fragments. x 720. 

Feulgon-Light gri>en. 

Fio. 8. Fj individuals. Tlu^ number of macroiuielear fragments greatly reriuced. X 360. 

Feulgen-Light green. 

Figs. 9 and 10. Fj individuals. .Vll the iiuicroiiiicdear fragments absorbed. The macronuclear 
anlagen showing ma.ximum niu'leination. 720, Feulgen-Light green. 

Fro. 11. Fg individuals. In oiu^ of the individuals the fragments are still persistent while they 
are absent in the other. 'Fhe m.uTonuelear anlagen of sister inriividuals show different 
rates of nuoleination. x ISO. Feulgon-Ligld green. 

Fio. 12. Fg itulividual. Prior to (liird rei)rgani/ation fission. No macronuclear fragments in 
the cytosorne. \720, Feulgen-Light green. 

Fio. 13. F'g individual. No mueromieh'ar fragments in the cytosorne. x 720. Feulgon- 
Tdght green. 

Fio. 14. F3 individual. Abuuouuclear fragments still persistent. 720. Feulgen-Light 
grtwn. 
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Introduction 

The Grey Mullets belonging to the family Mugilidao (Order Percesoces) are of 
major economic importance in the coastal and estuarine fisheries of India. Out of 
the total of twenty-six species described by Day (1878) from India, only five, viz., 
Mugil eephalvs Linn., M. tade Forsk., M, coraula Ham., M, parsia Ham. and if. 
speigleri Blkr. have so far been recorded from Bengal (Pillay, 1961). Very little 
detailed work has been reported on the biology of these species in Indian waters. 
This paper is an attempt to contribute to the knowledge of the general biology of 
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M, tadsy whi(»h in one of the common species in Bengal. The report of investiga- 
tions on its f(K>(l and feeding habits and culture have been dealt with in detail ii^ 
two separate pa[)erB (Pillay, 1953a and 19535). 


Material and Methods. 

Regular collecition of material for the purpose of this study was started in the 
month of January, 1949. Being a species that occurs both in marine and estuarine 
environments, as also in ‘bhcris’ (embanked brackish water areas), sampling was 
done from all these repnwentative localities (Text-fig. 1). But the data collected 
from the sea (Junpiit on the Contai (Joast, Midnapon^ district) and the estuary 
(Port Canning on the River Matla, 24-Pargana8) only are discussed in this paper. 
Though most of the mullet fishing and assembly centres in W. Bengal were visited 
for the collection of matter ial, due to the distance of these localities from the labo- 
ratory, lack of proj)or transport facilities and the total absence of any organization 
to help in the collection of material, regular sampling work had to be restricted to 
the nearby centres. The sampling was done once every month at regular intervals. 
Several difficulties were experienced in obtaining regular representative samples. 






FORSKAL, WITH NOTES ON ITS FISHERY IN BENGAL 


180 


Both at Jiinput and at Port Canning, where the catches are landed just in time to 
he rushed to the market — in tlie former case to Contai, a distance of six miles by 
road and in the latter to Calcutta,, a distance of twenty-eight miles by rail — the 
fishermen seldom allow anybcxly to handle the fish. iVs luvdlcts are sold only in 
whole lots mixed with other 8|>ec‘ies, it was not always possible to purchase enough 
fish for the studies. In thejocal markets catches from these localities are mixed 
with fish from other sources, including farms, and so no reliable data could possibly 
be obtained from there*. In spite of tliese serious handicaps, every effort was made 
to get fairly representative samples of mullets from the landing places, the actual 
fishing centres or, as in Port Canning, from the local markets where a small part of 
the catches are sold in retail. Only samples, the original sources of which could be 
reliably determined, were collected, and even so the disinclination of the fishermen 
to sell the fish at the landing places greatly restricted the size of the samples 
obtained. 

All collections were personally made and, in every case, all available field 
information was gathered. The samples came from caicluvs C)f the hand seine 
(Katti jal) and the barrier net {Bher jal) in Junpiit, and Tnostly the bag net (Bchundi 
jal) in Port Canning. Short descriptions of these nets arc given on pages 27-28. 
Tlie total length, weight, sex, and condition of gonads of all the specimens in the 
samples were recorded. During the first year of investigati()n, the various body 
measurements referred to on page 7, vertebral count, aiul scale and fin ray counts, 
were also made. Scales and stomach contonts were examined from all the speci- 
mens in the smaller samph^s or, in the ease of larger samples, from smaller 
sub-samples. The details of techniques employcul in the investigation are described 
in the appropriate sections. 

Description of the species. 

As observed by Schultz (1940), the family Mugilidac ‘is remarkably constant 
in anatomical structures’, and tlie identification of a species becomes extremely 
difficult when the descriptions availabki are inadequate. During the present study 
it was found that the sjiecics had neither been adequaUdy described nor the full 
range of characters recorded. A fuller description of the species, including the 
characters of the mouth parts considered useful in the identification of mullets by 
Schultz {op, oil.) and Smith (1948), based on the study of a large scries of samples, 
is given below : 

Mwjil tade Forsk&l. 

Mitgil crenilabris tade: Forsk&l, Descr. Anim., 1775, p. 74. 

Mugil tade : Cuvier and Valenciennes, IJist. Nai, Poiss., 11, 1830, 114. 

Klunziger, Abhaiull. Zool. Bot. Geet. Wien., 20, 1870, 828. 

Sitzungsb. Akad. Wien., 1880, 394. 

Fiache des roihen Meeres, 1884, 133. 

Macleay, Proc. Linn. Soc., N.B. Wales, 11, 1884, 40. 

Day, Fauna Brit. India — Fisheji, 2, 1889, 344. 

Weber and de Beaufort, Fish. Iiido-Ausir. Arch., 4, 1922, 230. 

Fowler, Mem. Bernice P. Bishop Mus., 10, 1928, 122. 

Herre, Mem. Indian Mus., 13, 1941, 348. 

Kulkami, Journ. Bombay Nat. Hist. Soc., 47, 1947, 3. 

Devanesan and Chidambaram, Common Food Fishes Madr. Pres., 1948, 30. 

Jacob and Krishnamurthy, Journ. Bombay Nat. Hist. Soc., 47, 1948, 063. 

John, Progr. Rep. Fish. Dev. Scherrte, Centr. Res. Inst. Tirav, Univ., 1948, 7. 

Devasundaram, J. Zool. Soc. India, 3, 1951, 21-22. 

Mugil planiceps : Bleeker, Verb. Bat. Oen., 25, 1853, 101. 

Gunther, Cat. Brit. Mus., 3, 1859-61, 428. 
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Kner, Fische, Novara Exp,, 1865-67, 226. 

Day, Fishes of India, 1878, 360. 

Scale, OccrPap., Bernice P. Bishop Mns., 1, 3, 1901, 66. 

Evomiann and Seale, Bull, U.S, Bur, Fish,, 26, 1906, 59. 

Max Weber, Nova Guinea, 9, 4, 1913, 569. 

Whitehouso, Madr. Fish. Bull., 15, 1922, 82-84. 

Mugil belarutk: Bleeker, Nat. Tijdschr. Ned. Indie, 13, 1857, 356. 

Gunther, Cat. Brit. Mus., 3, 1859-61, 427. 

Day, Fishes of India, 1878, 350. 

Day, Fauna Brit. India — Fishes, 2, 1889, 345. 

Vinciguorra, Annal. Mus. Civ. Genova (2), 9, 1890, 180. 

Fowler, Proc. Acad. Nat. Sci., 57, 1905, 465. 

Max Wohor, Nova Ouineu, 5, 2, 1908, 244. 

Mugil bontah: Blo(^kor, Verh. Bat. Gen., 25, 1853, 48. 

Bleeker, Nat. Tijdschr, Ned. Iml., 13, 1857, 336; 16, 1858-59, 278; 18, 1859, 
367. 

Bleeker, Act. Soc. Sci Indo^Neerl., 8, I860, 49. 

Mutjil cephalotus: (Cantor (not Cuvier and Valenciennes), (Jat. Malayan Fish, Journ. 

Asiatic Soc. Bengal, 18, 2, 1850, 1077. 

Mugil knndavemis: Gunther, Fische d. siidsee, 2, 1876-1881, 215. 

D. 4 i/8; P.I7; V. 1/5; A. 3/9; C.14-15; LI. 30--35; Ltr.ll ; Pyl. Caee. 5; Br. 4. 

The rostro-dorsal profile i.s nearly straight, and from the crown of the head to 
the snout it is strongly (h^clivous. The height of the body is contained 4 to 6-3 
times in the total length, the ]m>portion being 4-4 5 in young specimens below 3 cm. 
in length. 41ie head is nearly conical in sha})e and its anterior portion is depressed 
and pointed. The least Iwaght of caudal peduncle is contained 1-4-18 times in its 
own Uaigth and 1-5 to 2 4 times in the length of head. The head is contained 4-4 
to 4-9 times in the total length in adults, but is relatively larger in juveniles (up to 
about 5 cm. in length) being only 3 9-4 2 times in the total length. The eyes are 
provided with gelatinous eyelids in lulults. There are adipose thickenings both in 
front and behind the eyes and there are distinct anterior and posterior eyelids. 
The anterior lid is narrow and covers only about 1/6 of the eye, whereiis the posterior 
one is broader and covers about J of it. The adipose eyelids are absent in young 
irulividuals. In 9 cm. long fish, the anterior adipose eyelid is absent, but 
the posterior one is developed as a narrow flap. Specimens 15 cm. in length show 
the adult character of the eyelids fully developed. The relative size of the eye 
varies with the size of the fish. Up to a size of about 5 cm. it is contained 2*2 to 
3 5 times in the length of the head and in full grown 8j>ecimen8, 4-7 to 6-7 time^. 
The snout, which is pointed, is nearly equal in length to the diameter of the eye. 
The j)reorbital bone is emarginate, strongly curved, and lies over the maxillary 
reaching far l)eyond the corner of the mouth posteriorly, in the adults. The 
posterior end of the preorbitul is rounded and the front ed^e is not notched. The 
anterior margin of the bone is denticulate. In juveniles, this bone is nearly 
straight. Tlie end of the maxillary is visible when the mouth is closed and reaches 
beyond the jK)8terior end of the preorbitiil. The premaxilla and maxilla are bent 
downwards. The anterior margin of the premaxilla bordering the mouth is nearly 
straight. The mouth is slightly inferior in position. The upper lip forms the tip 
of the snout and is thick, and it« bre4ulth is contained 3 to 3 6 times in the orbit. 
The upper jaw' Ixmrs numerous minute ciliform teeth with simple undivided truncate 
tips. The lower lip is thin, the edges of which are sharp and straight. The upper 
lip overhangs the lower lip. There are no teeth on the lower jaw. The symphysial 
knob is single. The uncovered chin space is long and cuneiform anteriorly, but is 
pointed behind. The interorbital sjmee is distinctly flat and is l-3-2*5 times the 
diameter of the eye in adults. In juveniles up to a length of about 5 cm., it is equal 
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to the diameter of the eye. The two nostrils on either aide, are situated oloso 

together, the distance between the two being contained M to 12 times in the 

interorbital space. 

Fins: The origin of the first dorsal is slightly nearer to the end of the snout 
than to the base of the caudal in adults, but in young onet it is noiirly in the middle. 
It is situated opposite 10th~I2th scale of the lateral line, separated from the snout 
by about 19 pr^orsal , scales, and is nearly as high os the second dorsal (M-2 0 
times in the depth of body). The origin of the second dorsal is opposite 20th-23rd 
lateral scale, and is about J of the length of the biise of the anal behind its origin. 
Both the second dorsal and anal are slightly concave and covered with lino scales 
on their bases. The anal fin has tliree spines in adults, but in juveniles there are 
only two. In 2 cm. long specimens, there are only 2 spines, but the first soft rays 
have articulations only on the distal ends. Tliis ray gradually becomes thicker 
as the fish grows and the number of articulations on it decreases. In 47 mm. 

specimens this ray is developed into a spine. The length of the pelvic fin is 

contained 14-17 times in the length of the head. The length of the ptuctoral fin is 
contained 1- 1-1-6 times in the length of head and it roaches the 8th lateral scale. 
The caudal is slightly emarginate. 

Scales: The scales are ctenoid in adults but are cycloid in juveniles. They 
become ctenoid when the fish is about 3-4 cm. long. The scales of adults are longer 
than broad with apicad nuclei, undulate basiil margins and basal nulii arranged 
fanwise. The dorsal scales also have only single grooves as the scales on the sides. 
The axillary scale is small and the enlarged scale at the base of the pelvic is slightly 
less than half the length of that fin. The bases of all the fins except the spinous 
dorsal are covered with fine scales which are cycloid. 

Colour : Specimens from the natural habitats are olivaceous above and silvery 
below, with 5-7 indistinct dark longitudinal lines on the sides. The edges of the 
pectoral, soft dorsal and anal are also olivaceous. The caudal is edged with black. 
Specimens from enclosed brackishwater farms are dark brown above and the dark 
longitudinal lines on their sides are very prominent. The edges of pectoral, soft 
dorsal, anal and caudal are also dark brown. The juveniles have the same colora- 
tion as adults, but the longitudinal lines appear only when they are about 5 cm. 
long. Preserved specimens of juveniles show a tliick dark line along the middle of 
the sides. Other parts of the body are covered with scattered pigment spots. 

According to Day (1889) M, tade grows to at least 18/" (45-7 cm.) in length. 
Specimens measuring up to 67-9 cm. have been collected by the author from the 
Sundarbans. 

Distribution 

Day (1878) mentioned the ‘seas, estuaries and tidal rivers of India to the Malay 
Archipelago and China’ as the habitat of this species. According to Weber and 
de Beaufort (1922), it occurs in the seas of South East Asia, Red Sea, Sokotra, Bay 
of Bengal, British India, Ceylon, Andamans, Penang, Malacca, China, Philippines, 
Marianas, Guam and Australia. 

In India, M, lade appears to occur all along the coasts, though definite records 
exist only for certain localities (Text-fig. 2). Kulkami (1947) recorded it in the Vehar 
and Borivli streams near Bombay. Eh*. S. B. Setna, Director of Fisheries, Bombay, 
kindly informs me that it is a rare species on the Biombay Coast. John (1948) has 
included Jf . lade in the list of the ten species of mullets identified from IVavancore 
waters. Mr. K. Gopinath, Marine Biologist, Trivandrum (now Director of 
Fisheries, Travancore-Cochin), in a private communication has informed me that 
this species locally known as ‘Karincha’ is common in Kayamkulam and Quilon 
backwaters. According to Devanesan and Chidambaram (1948), M. tade occurs 
on the coast of the Ma^as State, but they do not mention the precise range of its 
distribution. Mr. K. Chidcumbarom, Asst. Director of Fisheries (Marine Biology) 

5 



192 


T. V. R. PH.LAY: THE BIOLOGY OF THE OBEY MULLET MUGIL TADE 



Tbxt-fio 2. Map of India showing the distribution of Mugil tade. 


West Hill (now Asst. Fisheries Development Adviser to the Government of India), 
hits, however, kindly informed me that the lishery of tliis spe^cies is not important 
on the West Coast of the Madras Stat<% but on the Fast Coiist they are caught in 
appreciable numbers in Pundi (Vizagapatam), Mangodu (Tanjore), Muthupet and 
Arcothurai (Tuticorin). According to Mr. P. I. Chacko, Asst. Director of Fisheries 
(Freshwater liesearch), Madras (private communication), this species, locally known 
as ‘Karattukendai’, forms only about 5% of the mullet catches. Wliitehouse 
(1922) has described M. planictps ( = tude) iis one of the ^economically important 
mullets occurring in the Silavathurai lagoon in Tuticorm (Coromandel Coast). 
Jacob and Krislmamurthy (1948) have observed the occurrence of Mugil tade in 
the Ennore Creek near Maclras. Devasundaram. (1951) has reciently identified M, 
tade from the Chilka Lake, but it is reported that they are found only in very small 
quantities there. As will be evident from the above, though the species is widely 
distributed in India, it does not rank high in production in these localities. Its 
main commercial fishery is mostly restricted to the estuarine and coastal regions of 
Bengal. The species has been observed along the coast of Midnapore district to the 
mouth of the Gangetic system ascending to a distance of about 80 to 90 miles from 
the sea. In the estuarine area it is being cultured on a large scale in "bheri* (Hora 
and Nair, 1944) and on the Contai Coast, in freshwater tanks (Pillay, 1949). The^^ 
have also been observed to ascend freshwater channels, where they live and grow 
5B 
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well. In Bengal, the fish is known as ‘ Bhangon ’ in Calcutta and no^irby places, and 
Dhoka’ on the Midnapore Coast. 


Raciation 

Distinction is often ^made between the ‘sea mullet* and the 'river nuillot*. 
Even though there were very few easily recognizable differences between them, 
the possibility of the existence of separate races had to be ci)nsidoix>d, especially 
since very little was known definitely about their migrations. Due to the limita- 
tions of the present investigation wliich was confined to Bengal, it was not possible 
to study specimens of mullets from other parts of India. However, the chief aim of 
the study was to ascertain whether homogeneous j)opulatious wore lK‘ing handled in 
the present investigation of the biology of the fish. For the purpose of this work, 
samples were collected from the sea coast at Junput (Contai, Midnapore district) 
and the estuary at Port Canning (Matlah River, 24-Parganas). 

Examination of a large number of specimens showed that the meristic 
characters were very stable in the species. The range of fin ray and scale counts 
was the same for samples from both localities. Similarly the nurnlHu* of vertebrate 
was 24 (11 plus 13) for samples from the tw^o localities. Morphometric data wt^rt^ 
analysed to determine whether the body })roportions showed aiiy significant varia- 
tions in the specimens from the two localities. Text-fig. 3 shows the measurementH 
concerned in this study. As shown on page 194, there is a straight line relationship 
between these measurements and the total length, in fish above 5 cm. in size. The 
measiireTnentg of specimens above that size only w^ere utiliz(Hl for the analysis. 

In racial studies, generally, the method of indices (the various proportional 
measurements expressed as fractions of total length) is made use of. In the present 
study this method was employed, the indices used being the values of the various 
measurements, shown in Text-fig. 3 * in relation to total length. From the 
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Tkxt-fio. 3. The measurements of Mugil tade used in racial study. 

D.O. . . Depth through orbit. 

D.P.F. . . Depth through pectoral fin base. 
D.A.F. . . Depth through anal fm base. 
L.C.P. . . Least depth of caudal peduncle. 
8.L. Standard length. 

T.L. . . Total length. 


* The body length was not examined separately as the stemdard length and head length 
were being oonsider^. 
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atandard orrora of the samples, the standard error of the difference between means 
of the two sots of samples was estimated using the formula 


/^1 2 


N, 


'Ma 


where a is the standard deviation, the standard error of the Ist sample, 

the standard error of the second sample, and Ni and iV^2> the number of individuals 
in the first and second samples respectively (Rounsefell and Dahlgren, 1936 and 
Simpson and Itoe, 1939). From this the t value which is an index of the significance 
of the difference between the samples wjis calculated by employing the formula 

I = — where d is the difiTcrence between the means of the two samples. The data 

obtained by this analysis are given in the following table: 


Tablk I 


inciox. 


Total h/iStamlard longth 

'I'otal loii^t h/f Icafl larigth , . 

Total longtli/Longfh to anal 

'Fotal longth/lJopth through 
oyo 

Total lotigth/ Depth through 
pectoral fin 

Total length/ I^nptli through 
anal fin hawo 

'Potal longth/Lcast «lopth of 
caudal podunch^ 



1 A^2 

<^1 

02 

S£jj 

SE 2 

a 

d 

t 

Signi- 

ficance 

200 

200 

0 17:^ 

0-013 

0-024 

0-002 

0-024 

0-(»83 

Nil. 

200 

200 

o*;b)8 

0- 1 02 

0-043 

; 0-023 

0-040 

2-041 

' »> 

200 

200 

0-000 

0-01 I 

0’(»0H 

1 0-002 

O-OOS 

2-500 

- 

200 

200 

i-6r>t) 

1-453 

0-234 

0-200 

0'224 

0-440 


200 

j 

200 

0-384 

0-247 

0-054 

0-035 

0 004 

0-167 

- 

200 

200 

0-306 

0-242 

0-052 

0-034 

0-002 

1-000 


200 

200 

o-r»r)7 

0-r>44 

0-070 

0-077 

o-no 

0-230 

- 


As will bo evident from the above table, the morphological difioreiices between 
Mvgil fade in the- sea off Junpnt and in the river Matlah are not statistically signi- 
ficant, and the po])ulations in tliest^ localities do not t*onstitute sej)arate races. But 
at present wo have no evidence to decide whether the two stocks remain distinct 
or whether they intermingle. 


llKLATIONSmP OF BODY MEA8UKEMKNTS TO TOTAL LENGTH 

The relation between the dimensions of the external parts of the fish and its 
total length was determined from the measurements of over 400 specimens ranging 
from 5*0 cm. to 45 0 cm. in length. The measurements were (vide Text-fig. 3): 

1. Standard length, from tip of snout to the end of hypurals. 

2. Head length, from tip of snout.to the end of opercle. 

3. Body length from the end of opercle to the end of the h\^urals. 

4. Length to anal, from the tip of snout to the anterioV end of anal fin base. 

6. Depth of body through t he pectoral fin base. 

6. Depth of body through the anal fin base. 

7. Depth of liead at the region of the orbit. 

8. Least height of caudal pedimcle. 

In Text-figs. 4 and 6, the various measurements are plotted against the total 
length. In each ciise it is a straiglit line relationship and suggests that after the 
6 cm, st^ge there is no allometric growth in the species. The rate of growth of the 
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difiFerent parts of the body in relation to the increase in total length (not iT\ relation 
•to time) was determined by the tangent method (Crozier and Hoclit. 1913). Tlie 
tangent of each cur\^e was calculated by dividing tlio vei’tical distance l)etwoon 
two points on each curve, by the horizontal distance. These tangents an 3 as 


follows : 

Standard length . . . . . . 0 815 

Body length . ! 0 019 

Length to anal fin . . . , 0 581 

Head length . . . . 0 212 

Depth of body through anal fin base . . 0 103 

Depth of body through pectoral fin bas<‘ . . 0 131 

Least-depth of caudal peduncle .. 0 105 

Depth of head through orbit . . . . 0 (108 


As is evident from the above, the standard length has the maximum rate of growth. 
Among the other measurements, the body length from open^le to hypurals has the 
maximum rate of growth, and the depth through orbit, the minimum. The growth 
rate of the head is approximately J that of the body. The depths of the body at 
the anterior end of anal fin base and at the pectoral fin base increase nearly at the 
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TkxT-FIO. 5. (^tniph nhowing the rohitiounlup of body rnoaBuroments to total length. 

mme rate. '\ ho rate of iiK^reaso of the deptli^through orbit is about half that of 
the (l(>pth through pectoral fin base. 

ll(>s(Nirch workei's very often use the standard lengths of fishes in their studies, 
though total lengths are more readily accepted and understood by the fishermen 
and the tisb traders, .Mor<^over, there is a likelihood of some confusion in measuring 
standard length, as the luuse of the caudal fin in mullets is covered by scales and the 
end of the lateral linc^ series or the tip of the hypurals eamiot be locatf^d easily. 
Howevtu', to facilitate' the comjiarison of data, the mathematical relationship 
between the total length and the standard length was determined from a series of 
200 measurements. The linear regression line is shown in Text-fig. 4. The 
coefficient of correlation r, was found to be 0 998. The equation for the regression 
line, Y = was used to express the relationship between the tw^o variates, 

X ( = total length) and Y ( = standard length). The equation was found to be 
Y = 0 81125 X - 0 025. 


Weioht-length relationship 

A knowledge of the weight-length relationship of a fish is of great value both 
to the fishery operatives and the fishery biologist. Besides serving as the basis 
for the calculation of weights of fishes of known lengths or lengths of fishes of known 
w^eights, the coeflScients of this relationship have been used as measures of individual 
or average seasonal and regional diflFerences in the condition or ‘degree of well being* 
of fishes. The average weight-length relationship was determined firom measure- 
ments of 400 specimens fjx)m 4 cm. to 67-9 cm. in total length, collected from the 
estuarine and coastal waters. The fish were weighed with a spring balance 
graduated to the nearest gramme. Preliminary analysis of the available data did 
not show any significant differences in the weight-length relationship of the two 
sexes and so the average has been calculated for the two sexes combined. 
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The relationship of the average weight to the length is represented in Text -fig. 0. 
.As can be seen from this figure, the weight of the tiish increases as an exponential 
function of its length. Since the .weight-length ratio is a power relationship, the 
logarithms of the readings were used for calculations. The logarithmic relation of 
weight and length is illustrated in Text-tig. 7, wliich clearly shows a straight line 
relationship. The equation for the weight-length curve was found to be W = 0*3337 
2.6198^ where the weight is in grammes and the length is in cm. The weight-length 
data plotted in Text-fig. 6 show that the values art" very uniform up to about 36 cm. 
length, above which there is noticeable variation. Kesteven (1942) and Morrow 
(1961) have shown that such variations are generally caused by t he tluctuations in 
the w^eight of the visceral and somatic tissues. When compaml with the incroiise 
in length, the proportional increase in weight is not marked up to about the 18 cm. 
stage, whereafter the increase in weight is <piite rapid. From the commercial 
stand-point, it may not, therefore, be economical to catch fish below this size, thus 
foregoing the advantage of the rapid gain in weight. 



PONDERAL INDEX 

Ponderal index or the coefficient of condition has been established to be of 
help in understanding some important features of the biology of fishes. Hickling 
(1930), Hart (1946), Menon (1950) and Morrow (1961) have correlated fiuctuations 
in the ponderal index with the attainment of maturity and spawning. In the 
present study the weight-length data discussed in the previous section were analysed 
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monthTKt during different 

months. I he ponderal inde.x \va« eal( iil,vte<l employing tlio formula 

/ M’ . 

A = ^ X I'Ht 

whore W is the weight of fish in grammes, L is the length offish in cm and K is 
the ponderal mdox. The average ponderal index for each 'em. length group and 

'^^olo Wimple in different months Lve^ been 

avaUabk^for"‘'la?Mr "Y'l «>»sidered in this study, aa the date 

fiZm V^fjarger iish were very limited fur any correct interpretations. Hart 
(1050), have found that besides the setisonal fluctuations in the 
pon^ral md^ or condition factor, there is a marked lowering of the value asso 
mated with the increased metalwlic strain of spawning. Table II gives the averaae 
TOlues for .ff for^ch cm. length gTOup, and these values are plottS in Text-fig' 8 
The curve in ^18 figure shows that the K value progie^ivelv decreases with 
increase in len^h up to almut 21 cm., whereafter it shows a marked rise If the 

E^'^id f ^ indicative of the length at first maturity, it may 

be said that the fish matures at an average length of 23 cm. Some evMenoe in 
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support of such a conclusion has also been afforded by the fact that the smallest 
females with maturing eggs in the ovary, examined during this investigation, were 
also of about this size. 


'Fable IT 


Moan length 
in cm. 

Number of 
specimens. 

K, 

5 

22 

)'581 

7 

46 

1-247 

9 

76 

M99 

11 

98 

1-092 

1.3 

48 

1-004 

15 

52 

0-932 

17 

40 

0-941 

19 

■ 16 

0-884 

21 

1 6 

1 0-928 

23 

12 

1 1-10.3 

25 

4 

! 1-069 

27 

10 

1 -057 

29 

20 

0-989 

. .31 ’ 

4 

0-937 

33 

4 

0-979 


The mean K values for the samples in successive months are presented in 
Table III, and these values are plotted in Text-fig. 9. The samples studied did 
not contain any spent fish and so a complete picture of the correlation between 
spawning and the fluctuations of K cannot be read from the data. Morrow 
(1961) has found that associated with the pre-spawning growth of the gonads 
in the Longhorn Sculpin, a peak of condition is reached at the beginning of the 
spawning season. It will be seen from Text-fig. 9 that the condition factor 
begins to increase steadily from about May and reaches the maximum in July, 
faU^g thereafter; but up to about October the values are maintained fairly high. 
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Maturing HhIi hav’(» Ix/ort <>bH(‘rv(Ml till about October. Tlioiigh the actual spawning 
{KTiofl cannot Ik‘ inferred with certainty from these data, it is (;lear that Maj^-June 
to September-October is the breeding p(U‘iod of the fish. Evidence in support of 
this conclusion has been obtained from the ova maturation studies and the seasonal 
occurrence of larvae and juveniU‘s. The ndativtdy higher values of K for 
Decern l)er and tranuary are probably to Ix^ correlated with the increase in the 
inbuisity (»f feeding notice<l (l*illay, 195*1^). 

Taim.e III 


.Moutn. ! Number, i K. 


January 

Kobninry 

March 

April 

May 

Juno 

July 

August 

iSeptenibor 

October 

Novomlwr 

Deoombor 


70 

l-OOO 

00 

0-900 

30 

0-950 

30 

0-884 

30 

0 969 

34 

0-994 

32 i 

1-444 

30 

1-236 

62 ! 

1-087 

28 ! 

1-080 

45 

0-953 

66 

1-071 


Food and fkeding habits 

The f<H)d and fmiing habits of M. tade in varying environments during different 
seasons and in different stages of growth have bo<;n described in a separate paper 
(Pillay. 1953<i)- X is now definitely knoivn that the adult mullet is iliophagous and 
feeds on algae, diatoms and decayed organic matter occurring in the benthic zones. 
While diatoms, algae and tirganie matter are consumed in about equal quantities 
in marine environments, algae are eaten in larger quantities in the estuarine 
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habitats. The young ones up to a stage of about 2 cm. length feed on floating or 
attached algae, mostly Myxophyceae. An increase has been noticed in the feeding 
activity of the fish during the winter season, when there is a bloom of algal growth 
in its habitat. 

Sex ratio and fecundity 

A knowledge of the sex ratio in populations is considered essential in the 
management of a fishery as it will be necessary to devise means of ensuring a pro- 
portional fishing of the two sexes. In adult specimens examined during the 
investigation, in which sex determination was possible 56 3% were females and 
43*7% were males. Thus, the number of individuals in the two sexes apiKmrs to be 
more or less equal. Though the possibility of the sex ratio ha ving been influenced 
by differential fishing exists, there is at present no evidiaue to show that 
this is actually the case in M. iad^. Kesteven (1942) estimated that the gonads 
of mature M, dobula contained from 1,275,001) to 2,781,000 ova. Jacob and 
Krishnamurthy (1948) have estimated that a mature M, oeur ( = cephalus), 20*6 
inches in length, contained 1,32,00,000 eggs in the ovary. In the ovaries of mature 
M, tade, three groups of ova were found. The number of maturing and nearly 
ripe ova (vide the classification on page 203), w^hich gives an indication of the 
reproductive capacity of the fish during a particular spawning season (see page 203), 
was estimated from four nearly ripe specimens ranging from 23 cm. to 50 cm. in 
length, by counting tlie ova in a small portion of the ovary of known weight and 
computing the total number of ova based on this count and the total weight of the 
ovary. The number ranged between 90,416 and 3,22,959. As was only to be 
expected, the number of ova in smaller individuals was proportionately less, since 
as a rule the size of ripe eggs is constant for each species. 


Maturation and SPAWNiNij 

Maturation . — The maturation of the female mullet was studied by the 
measurement of ova diameters. 

The measurements of ova were taken from formalin -preserved material. These 
ova were in many cases somewhat distorted in shape due to preservation. With a 
view to avoid any possible selection or bias in taking the measurements, a procedure 
similar to that adopted by Clark (1925) and Arora (1951) was employed as follows. 
A piece of the ovary was teased out in formalin on a slide and the dia- 
meters measured by means of an eye-piece micrometer in a compound microscope. 
The scale of the micrometer was kept across the field of the microscope from left to 
right. The diameters of 100 ova, along whichever axes that lay parallel to the 
micrometer, were taken. This procedure ensured random nature of the readings 
and unbiased values. Preliminary studies showed that there are no significant 
differences in the development of the ova in the different regions of the ovary. 

Text-fig. 10 represents the curve of the frequency distribution of 380 ova of 
8 nearly ripe specimens obtained during the spawning season. From the modes 
of the curve three distinct stages can be recognized in the maturation of the ova. 
Stage I consists of eggs measuring up to 180 micra with the mode at about 60 micra. 
These ova are transparent and are devoid of any yolk accumulations. Tliey have 
very prominent nuclei filling nearly half of the cell space. These form the im- 
mature ova, representing a resting stage between seasons. The next stage (Stage 
II) consists of an intermediate group of maturing ova with the mode at about 300 
micra. The smaller ova of the group (160-280 micra in diameter) are semi-opaque 
and the larger ones are more heavily laden with yolk. Stage III is composed of 
nearly mature eggs with the mode at about 6S0 micra. The eggs of Stage III had 
their margins transparent but the major part of the ova remained opaque. The 
smallest female in roe examined during this investigation was 23*1 cm. in total 
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length. T1 u 8 observation corroborates the inference drawn, from the fluctuation 
in the ponderal inrlex, that the average size of the fish at first maturity is 23 cm. 
The samples oxamine<l did not contain any fully ripe and oozing fish. Fully ripe 
ova may probably be slightly larger than the size shown in Text-fig. 10. 



SjHiumhig Seasomi . — Just as the related species M. paraia Ham., M. tade was 
also generally believed to spawn during winter (Hora and Nair, 1944). As will 
l>o seen from the length-frequency distributions of catches from Junput and Port 
Canning (pages 208-210), the fry of M. tade have been obtained during this investiga- 
tion only during the rainy season. Though the correct period of occurrence of fry is 
not known to the fishermen and the fish culturists* in the Sundarban area, most 
of the fishermen on the Contai Coiist are aware of this, and collect the fry of 
this fish for stocking tanks during this season (Pillay, 1950). The observation 
regarding the spawning season was verified by studying the size progression of 
ova during different months of the year. The data are presented in Text-fig. 11, 
and sliow that the immature eggs up to al)Out 160 micra occur in every adult female 
during all the months of the year. A feeble increase in size of the ova noticed in 
the month of March l>ecome8 conspicuous by April, and as growt h is quite rapid there- 
after, nearly ripe ova are seen in the gonads by the end of May. Such ovm have been 
found in the ovary from May to l^ptember with two peak i)eriods in June and 
August. It is inferred from this that the spawning season of the fish extends from 
about May to September with the peak periods in June and August. Actual oozing 
specimens have not been examined and the nearly ripe ova may take some time to 
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1'kxt-fio. 11. Monthly size progression of ova of maturing Mugil tade, (The rai\ge in size of 
ova found in any particular month is represented by the columns of circles. 
The majority of females had ova of the sizes mdicaUMl by the range of solid 
circles). 


become fully transparent and ready for spawning. So the period indicated gives 
only an approximate picture of the spawning season. Observations during the 
last three years have shown that the appearaitce of fry of M. tade is dependent on 
the onset of S.W. monsoons. So the actual beginning of the breeding season 
appears to tluetuate from year to year. 

Frequency of spav'H’intj and the spawning (jround<‘i.— -'\'h.e ova measurement data 
discussed above suggest that the fish spawns more than once during each spawning 
season. The ovaries of nearly ripe females contained immature, maturing and 
nearly ripe ova at the same time. It appears that by the time the ova of Stage III 
become fully ripe, those of Stage II advance rapidly in maturity and become nearly 
ripe, and within a short interval the fish is able to spawn again. The two peak 
periods of spawning that are indicated in Text-fig. 11, also support such a conclu- 
sion. More extensive observations may, however, be necessary to establish this 
tentative inference. 

The breeding season of the fish coincides with the oflF-season for fishing in both 
the estuarine and coastal waters where the prevailing rough weather prevents fishing 
with the gear and tackle used by the fishermen. For lack of a suitable sea-going 
vessel, it has not been possible to make any detailed investigations in these areas 
during this season. The limited samples examined were those taken by the fisher- 
men in the hand seines from the onshore areas of the Contai Coast and in bag nets 
from the estuarine regions near Gosaba. The fishermen are of the opinion that the 
mullet spawns in the sea. The catches of the fishermen on th® Contai Coast during 
this season have been carefully examined, but no fully ripe siiecimens were ever 
found among them. Maturing and nearly ripe specimens have been found in the 
catches from both the lower estuarine areas and the onshore regions of the sea. 
Several plankton collections were made from the onshore waters at Junput and on 
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occiwiotiw in the lower reaches of the Sundarbans. Neither eggs nor larvae 
were yeori in tlio collections, except for a couple of larvae caught in the plankton 
from off Junput, whic.h, in all probability, were brought in by the high tidef 
However, juve*nilo8 appear in large schools throughout the rainy season in the 
coastal are<is find estuaries. These observations strongly suggest that the fish 
prol>afjly spawns in <lee{>er waters away from the onshore areas. This inference 
is contrary to the opinions of several workers (vide Sarojini, 1951), who belieVe 
(hat the muIletvS breed in the onshore or inland waters. It is interesting to note 
that the ffsh virtually enjoys the benefits of a closed season during its spawning 
fK^riod. since fishing is almost non-existent at this time. 


l)KS(’KiPTn)N OF Larvae 

Two hivviw ndcrrahle to J/. tud<\ 8 6 mm. and 9 0 mm. long respectively, were 
obtained in the plankton collected from Junput on I8th July, 1950. These are 
the earliest stages obtained during the investigation. 

In tlio 8 6 rnni. larva (Text-fig. 12) all the fins are well marked out. There 
three spines evid(ait on the first dorsal, and nine rays on the second dorsal. 
Th(‘ caudal tin possesses 15 vvcll-(h^veloped rays. The anal has two spines and 
(ught rays of whiiJi two are in advance of the vertical from the second dorsal. The 
rays hava^ not bo<ui difforentiatcHl on the pelvic fins. There are indications of rays 
on th(^ dorsal asptjct of tlie pectoral fins. The pre-anal fin-fold is present at this 
stage. 1'h(Te are 1 1 pn^-aiial and 13 post-anal vertebrae. 



Tkxt-fiu. 12. Larva of S>() rnm. in lenjjrtli . joy 

There is a row of chromato])h()res along the lateral line, one row from the base 
of the anal fin to the eaudal and anotlier row from the base of the second dorsal to 
the eaudal fin, on either sid(> ot the Isxly. There are sev'^eral chromatophores on 
the dorsal iispect of the head, extending posteriorly up to the nape. 

The eye measures about 2 9 tinuvs in length of head. The head is about 4-5 
times, and the height of body about 6 0 times, in total length. The scales have 
not yet been formed. 

I ho 9 mm. larva does not show any adv’ance in dovolopmont beyond what is 
seen in the one 8*6 mm, long. 


\0K AND Growth 
Scales as indicative of age and growth 

Scale characters,— The scale of the adult M. lade and its development have 
been desoribeil in detail by the author in a separate paper (Pillay, 1951). The 
examination of scales from individual fish has shown that while the scale size is 
variable on different parts of the Ixidy, there is a high degree of constancy in size 
in the scales of the linear series on the sides. Kesteven (1942) has demonstrated 
that the scales of M, dobula on the flanks show^ very little variation in size, and has 
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observed a remarkable uniformity in the calculated intermediate lengths and the 
growth increments, based on many scales from each of a number of fish. He has 
^joncluded that there are different ooeflScients of regression of sc^ale size on fish size, 
and that these coeflBicients are real and operative over tiie whole life of the fish for 
each scale. The examination of scales of M, tade also revealed a similar condition 
\yhich indicated that any of them from the flank could utilized for read- 
ihg. However, it wa^ noted that, as in the case of M, dobuUi (Kesteven, Zoc. cii,, 
p. 39), there was a minimum of variation in scale size at the region behind the tip 
of the pectoral fin, and so scales from tliis region alone were used in the present 
study of age determination. The assumption that the scale size holds a constant 
relation to the length of the fish was demonstrated to be correct. 

Annulus formation, — Typical growth rings such as are observed on the scales 
of fishes in temperate regions are not noticeable on the scales of the mullet. 
Regular markings in the form of ‘breaks*, are, however, observed in M. cephalus, 
as recorded by Jacot (1920). These breaks generally appear as wide, clear spaces 
between circulii in the basal sector, formed either by the cutting off of circulii and a 
difference in their disposition, or by their excessive splitting. KesU>ven (1942) 
and Thomson (1961) have also observed the same type of rings on the scales of 
M, dobula, Kesteven has explained the formation of the rings as follows : ' 

“The appearance of the complete ‘ break * suggests quite convincingly, that 
feeding hiis ceased for a period during which resorption may ha.v(‘ (occurred; at any 
rate at this time the circulii were differentially shortened, at the end of the periocl, 
with the resumption of feeding, scale accretion was resumed, but in such a manner 
as to produce complete circulii lying at a different angle to those of the previous 
annulus. This assumes no more than is normally assumed in interpreting scales, 
and is suflScient explanation of the origin of ‘breaks’.** 

After a consideration of the probable causes for the formation of such * breaks * 
on the scales of M, dobula, he inferred that the migrations of the fish in autumn 
and the consequent cessation of feeding, which are at or near the anniversary of 
spawning, is the annual event recorded on the scale. He had not sufficient data 
to say whether the cessation of feeding in the sea alone can give rise to such 
‘breaks’. Thomson (op. cit.) has observed that the annulii are formed on the scales 
of M. dobula in Western Australian waters at the end of September or the beginning 
of October, when growth re-commences after the winter cessation. 

From an examination of the scales of M, tade collected during different months 
of the year it is found that most of the scales obtained during May -July jieriod had 
recorded wide clear spaces or the excessive cutting off of circulii at the margin. 
Example of this is shovm in Plate V (Fig. 1). 

During other parts of the year, the marginal regions did not show any such 
features, though in a few cases during August and September also such formations 
have been noticed. The study of the food and feeding habits of the fish (Pillay, 
1963a) has not offered any proof to show a specific period of fasting and even 
mature specimens contained food materials in the gut. From the study of the 
maturation of ova it has been inferred that the fish attains maturity only when 
about 23 cm. in length. Smaller specimens of about 16 cm. length had one annulus 
mark on their scales (Plate V, Fig. 3). So it appears unlikely that the spawning 
migration is primarily the annual event that is recorded on the scales. Further support 
for such an inference is afforded by the fact that the scales of fish roared in enclosed 
farms also had regular formations of ‘breaks*, just as the fish in the wild. These fish 
undoubtedly would have had no opportunity of migrating into the sea for spawning. 
Kesteven (loc. cit,, p. 37) has hinted at the possibility of a cessation of feeding in 
land-locked fish due to an internal rhythm (Dakin, 1939) and the cotisequent forma- 
tion of ‘breaks’. The study of the gut contents of M, tade has afforded some 
evidence of a real lowering of the feeding intensity during certain periods of the 
year due to more clearly understood reasons. Though a complete cessation of 
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feeding is not discomible, Tables I, IV and VII of the paper dealin'^ with the food 
and f< 3 eding liabitn of the fish (Pillay, 1953a) show that during the rainy season. 
(8.W. monsoon), generally extending from about May -June to August-September, a' 
distinct jXTiod of low feeding activity can be noticed. As has already been elucidated, 
the fish fee<ls on fresh or decayed bottom flora. During floods consequent upon the 
heavy rainfall in th (3 area, the benthic flora gets very much disturbed and dislodged 
due to tfie strength of the currents, ami the normal fe<Mling of the fish is frequently 
interrupted. A similar <!ondition has IxMjn observed by Sesliappa and Bhimachar 
(1951) ill the bottom fee<ling fishes of the West Coast. It therefore appears that the 
disturbances lowering the intensity of feeding is the prime cause of the formation of 
‘breaks* on the ffirculii. This inference also fully explains the formation of more 
than one ‘ break * seen quite close together on some of the scales. Whenever there is 
a serious lack of the abundance of food at the bottom for an appreciably long period 
due to Hood and consequent churning up of the benthic flora, such ‘breaks* are 
likely to be formed on the scakw. In the case of mature M. tade, this period 
coincides witli the spawning season when they are believed to migrate to the sea. 
In view of this fact, them^ ‘breaks* can, as will be proved by other methods later, 
Ik? considered as indicative of a full biological year’s growth. 

Ayc Urul groxvth determimit ion. -In estimating the age and growth, only regular 
H(al<?s from tlu' region below the ti[) of the pectoral fin, were utilized. Regenerated 
scah's were often met with (Plate Fig. 2); but they lacked most of the earlier 
markings and so tliey were always rejected. ’Fhc scales wen? washed in a very 
dilute solution of I\>tHHvSium hydroxide to remove skin, dirt and adhering pigments 
and then w^us cl(?aned in water. They were mounted dry between two glass slides, 
the ends of tlu? slides Infing se(?ured together by means of adliesive paper or in the 
case (d’ large sc'ales by means of narrow rubber bands, llio moiiiit(?d scales were 
oxamine<l with the aid of a microse<qx?. In tlie absence of a scale projection 
apparatus, the smaller scales were meiisured with the aid of a camera lucida. The 
largiu* scales were proje(?ted on to a white glossy surface on a photographic enlarger, 
using th(? scaK?s as negatives. For the moiisurement of the s(?ales, paper rulers 
prej>aml fnun mm. graph paper were employed. The zero of the ruler was placed 
at the nuck'us of tlie proje<?tod image and the ruler placed along the most median 
basal radius. The ruler was then marked at each annulus and the basal margin. 
For eacli scak' a separate ruk?r was used. On these w'ere recorded all relevant data 
regarding date of c()lk?cti(>n, locality, total length, sex and the magnification of the 
image. *l*he hack calc?ulation of tlie length of tlie fish at tlie end of each year was 
done employing the formula 

L. = si X 


where L, is tlie total length of the fish at the time armiilus X was fonned, aS, is the 
distaiK'e from the nucleus of the sc^le to the particular annulus X ; is the distance 
from the nucleus to the biisal margin of the scale and is the total length of the 
fish at the time of observation. From tlie calculated lengths the mean length for 
each year was estimated. Certain liifBculties were experienced in reading the 
scales especially of the large-sized fish. In some scales more than one ‘break* were 
found close together, ’riiis is apparently due to more than one period of low feed- 
ing activity. Untimt?ly show'ers and flooding of rivers is not uncommon in the 
Gangetic delta and when this happens additional breaks can appear on the scales. 
HoAvover, such additional aiinulii have generally been observed on the scales of 
tislios above the size of about 23 cm. wdien they are known to attain maturity and 
probably migrate to the sea for spawning. There is therefore some probability 
that these additional rings are spawning marks; but these rings are usually not very 
clearly marked out. The converse, viz., the omission of one or two ‘breafa* hew also 
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been observed ,\though onl}^ rarely. Tliis is probably clue to the favoumblo fooding 
eonditions that fisted during the season as a result of tlie paiu ity of lieavy rains 
^d the consequent absence of floods. Kestoven {op, cit,) has also noticeci these 
features on the scMp^f M. ddnda. When there art‘ excessi\e numbers of breaks, 
he, like Thompson rejected tho intermediate lengths cali'ulated from these, 

which are not in conformiAy With the remaimler of the sam})le and the general indica- 
tion of tho length frequency data. When ‘breaks' were omitt(Ml or had 
disappeared, they were placed in the appropriate group following the indication of 
the remainder of the sample and the length frequency d<ita. This ]>roce(lurc was 
also adopted in the present work. 

Tlie measurements of 69 scales wore taken and tlie lengths for eaeli year wiTo 
calculated. The results are given in Table IV. As can bo seen frtan this Table, 
the numbers of observations of /g, Z 9 and are too meagre, thougli these may 
serve to give a rough idea of the growth rate. The data do not show any evidence 
of Lea's phenomenon of a progressive decrease in tlm caleulat(>d intermodiato 
lengths. The mean growth curve up to the seventh year of Idb is shown in Text- 
fig. 13. In Text-fig. 14 this growth curve has Ixsui transformed into a straight 
line, employing Walford’s (1946) method, /g. /q and Zjo ha\e also Ix^en plotted 
in the figure. The limiting length L has Ix'cn lo(‘ated graphically as tho jioint 
where the length at ago n equals the length at age nj. From the growth charac- 
teristics it can be inferred that the fish can attain a size of about 85 (in. 
The largest fish observed during this investigation was about 70 cm. in length. 



Text-fio. 13. Growth curve of Mugil tade (lengths calculated from scale measurements). 
6 
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Tkxt-fiq. 14. Transformation of the growth curve of Mugil tade to show the limiting length. 

Lmgtli frequency distrihution. 

Collections suitable for tfie study of growth tn^nds of 3f. tade from length 
frecjiuuicy distributions were available from Junput for a period of twelve months 
in 1949-50. Samples were available in Port Canning only for a period of six months 
during the year. The distributions for the two localities are presentefl in Tables V 
and VI respectively. The data for each month for Junput are presented graphically 
in the form of histograms in Text-fig. 15. The average lengths that the fish 
attains in the first three years of its life, calculated from the scales, are shown as 
v ertical dotted lines. As is evident from the graph, the samples consisted of only 
the 0 group fish and I group fish with a few of the II group. Selectivity of the 
fishing gear is thus evident. Distinct modes are noticeable only for the 0 group fish. 

Young ones up to 4 cm. in length appear from June to October. These are 
probably the progeny of fishes that spawned from May to September. The smallest 
group of the month of June, with its mode at about 2 cm., can be traced to form a 
distinct mode at about 14 cm. in December, after which it is not quite prominent. 
This is probably the group 16-20 era. found in May. The smallest group found in 
October (those hatched out in al>out September) can be observed to form a mode at 
about 6 cm. in January. This group is not clearly seen during other months, but 
appears in the 12-16 cm. category in May. As can be seen from the range of cal- 
culated lengths for the first year's growth, it has a wide range from 12 to 18-9 cm. 
This is to be expected when the fish has a very extended spawning period as in the 
present case. The II group fish appears in the graph in December and forms a 
mode in May when it reaches a size of 24-28 cm. The data available are not suffi- 
cient to render possible any inferences on Group III or bigger fish. 



The length frequency distribution (in cm.) of the samples from Junp-ut {expressed ae percentages) 
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Text-fio. 15. Length frequency histograms of the samples of Mugil Uujie collected from J unput. 


The modes of the distribution for May, which is considoretl as the beginning 
of the biological year of the fish, show a fair amount of agreement with the 
averages of the calculated lengths. The data for Port Canning show that the 
smallest group that appears in June attains a size of about 4-8 cm. by about 
November. 

Miokations. 

Sarojini (1951) has drawn attention to the contradictory theories held by 
workers on the migrations of the mullets, especially the spawning migrations. 
While Panikkar and Nair (1945) and John (1948) observe that mullets ascend rivers 
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for spawning purposen, KoHtevon (1942) and Jacob and Krishna Murthy (1949) 
l)elieve that they migrate into the inshore waters for 8|)avvning. /htTC appear to- 
be no definite reoorcls af)out the migrations of J/. tade. As tuy been shown ojt 
page 204, the evidence so far availal)Ie indicates tluit they mif*;^ ^e into the sea for 
spawning purposes. 4’his sj)awning migration aj)p(^ars to/stac'^ when the fish are 
about two years old and about 23 cm. in length, whim ‘they anain maturity for th^ 
first time. There are not sufficient data to prove tliat tlie spi/Vried fish immediately 
return fo the estuari<‘s after spawning, but there is some proof to show that the 
same fish spawns mon^ than once in oih‘ spawning st^ason, and that they are likely 
to remain in the spawning grounds till the second spawning is ovtr. Spent fish 
have not been obtained during the invwtigation from catches in any of the localities. 
However, the fact that fish u{) to a.l)out ten years of age are caught in the (‘stuarine 
waters indicaUis that a largo {)art of the stock ndurns to the estuaries after spawn- 
ing. 14io report.H of the fisluu-rnen are also in favour of this assurnj)tion. 

From the early part of June, jin-tuiiles and fry begin to appear along the; coasts 
entfTing the tiflal springs and creeks, and migrating in large schools into 
the estuaru^s, But tie* o})S(u vaf ions mad(' on th(' (’ontai Coast and the eviflence 
alTord<‘d by tlu^ length fr<*fjuency data shovv that immatun^ fish are found in the 
coastal waters througluuit tlu^ year. Jt therefore appears ])rohablo that a good 
part of the stot^k remains in the coastal waters. Evidently the estuaries anrl the 
inshore areas of the s('a form thf^ natural habitat of th(^ species, which they It ave 
only during the spawning season. 

(3ui(‘ko (1949a and 1949/;) statos that M. olivaceuA Day and M. horneensis 
nikr. asceru^ the riv(Ts b(‘yond tin* tidal limit for fr^^ding. M. tadc havi‘ lu^ver been 
observe<l by th(^ author beyond the tidal limit in the main river. In areas where 
there are frcslovater channels (‘luptying into the estuary or the sea, tlie fry can be 
seen to collect togeth<*r in scluiols and i!\ s(‘veral localities they have been observ^ed 
to ent(‘r thes(^ <'hann<‘ls and <‘stablish thems(4ves there. Spurgeon (1947) has 
observed a similar habit in J/. dussHmirri ((hV.) and M. oevr ( == cpphah(s) (Forsk.). 


IhinOATOUS AND PARASITES 


Predators. The main f)rf‘dators of the mulkd in its estuarine habitats in Bengal 
are believed to be Bfu'kti (Lates ralcarifer (Bloc-h)), Indian Salmon {Ele.utheronejna 
teiradaciylum (Shaw)) and the liombay duck {ffarpodon ne.heretis Ham.). Accord- 
ing to Menon (1948) nnwe than 95% of the food of Bhekti consists of fishes, of 
which mullets have been listed as a predominant group. Though the proportion 
of M . fade consumed is not known, the examination of gut contents of several 
s{K>cimens has shown that M. tade forms a common item of food of Bhekti. 
Usually only fry and fingerlings are eaten. Mr. J. C. Malhotra who has studied the 
food and feeding habits of E. tefradactiitum, informs me (private communication) 
that mullets form only a negligible ])ercentage of the food of this fish, and that its 
main food consists (J prawns. Pillay (1053c) has sliown that though occasionally the 
mullet forms the food of the Bombay duck, the quantities eaten are very small. 
Kesteven (1942) found sharks to be predators of mullets. Though it has not been 
powssibl© to collect any data on this aspect, it is most likely that sharks are highly 
destructive to mullet stocks in the coastal waters. 

Parasriies , — The material examined during this investigation shows that the 
mullet is relatively less prone to parasitic attacks. Mortality due to parasitism has 
not been reported oven from farms. The only external parasite observed was 
Rofrinella latesi S<mtluvell (1915) found on the fins of a 55 9 cm. long fish collected 
from Port Canning on 29th July, 1951. They had attached themselves to the soft 
dorsal, caudal and ventral fins. A 30 cm. long fish obtained from Junput in April 
1949 had its palates and phar 3 mgeal cushions covered with parasitic copepods 
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belonging to new family.* Other internal parasites collected were all from the 
.intestines and ^nsisted of a new apK^cies of Acanthocophala of the genus Neoecki- 
norhynchus anoVa species of nematode.* These forms were very commonly 
foimd in adult fisiVjt{Jit were rare in young ones. In no civse did the fish show any 
apparent signs of A^iltli or loss of w<‘ig}it. The association of a new' species of 
Zoothamnium with tlKfisl^ has lx?en described olsewiiere by Khajuria and Pillay (1950). 

Five abnormally '\ean specimens of Mugil tnde were collected from an enclosed 
brackishwater farm in Ghiitiari Sharif (24 l^irganas, W. Btmgal, in the month of 
January, 1950). The relevant measurements of four of these specimens are given 
below: — 


M ensure m^nt 8 in cm. 


Total length 

.. 19H 

171 

lH-4 

IS-ft 

Standard lon^^th 

.. 16‘2 

l.-hf) 

ir>-4 

150 

Depth of head through orbit 

\\) 

Ifi 

It) 

1-5 

Depth through pectoral fin baao 

2-5 

2 a 

2-5 

2*6 

Depth through anal fin base 

2-S 

2 a 

2fi 

2-5 

Width through pectoral fin ba^o 

2-3 

2-0 

20 

2 a 

Width through anal fin >)ase 

(h\) 

0-1) 

Oft 

Oft 

Length of ca\idal peduncle 

:m 

2r> 

ao 

2-K 

Least height of caudal peduncle 

1-7 

1‘4 

10 

1-5 


The fin ray, scale and branch iostega I counts, dimensions of fins, etc., wore the 
same as for normal specimens. The main diffenmce was noti(‘ed in the relativ'o 
depth of l)(Kly and in the height of caudal peduiK'le. The w idth of body wivs also 
very much less than that of normal specimens. 

At first these specimens were suspected to be only starved ones, but it was 
found on examination that the alimentary (‘anal contained freshly consumed and 
partly digested food materials. Normal spe(;imens w(‘re also obtained from the 
same locality in the same collections and so it was considered unlikely that the 
abnormality was due to the influence of hydrological factors. No parasites were 
found in the viscera, gills, etc., of the specimens. Dr. K. K. Nair informs mo that 
he has noticed specimens of Cirrhimi virigala infested with leeches becoming 
extremely lean as in the present case. As the specimens of M. lade wore 
not examined in fresh condition, it was not possible to detect any marks of attack 
by leeches. The brackishwater leech Placohdella emydae is known to occur in these 
localities (Sewell, 1934) and it is probable that these fish have become loan due to 
infestation by leeches. 

Fishery in Bengal 
Fishing methods 

The main gears employed for mullet fishing in Bengal are : (1) Stake nets, (2) 
Hand Seines, (3) Cast Nets, and (4) Traps. 

Stake nets . — The Stake nets generally operated are the Bher jal, Charpatta jal, 
Khalpatta jal and Komar jal. The Bher jal or the Kviti bher jal as it is known on 
the Midnapore Coast, is a very long net enclosing considerable portions of the fore- 
shore areas. It consists of 200-300 rectangular pieces of netting, each measuring 
30' X 8' (mesh joined end to end and tied in the form of a wall on stakes fixed 

in the littoral regions, with about a foot of the net tucked in the mud (Plate VI, 
Fig. 2). Before high tide the net is untied and allowed to lie low on the bottom. 
At the turn of the tide, the wall of net is raised and fastened to the stakes. When 
the tide has fully receded, the stranded fish are either removed by hand, or by means 
of cast nets, if they are stranded in pools. Charpatta, a fence made of split bamboo 


* Detailed accounts of these parasites will be published elsewhere by Mr. Y. R. Tripath i 
of the Central Inland Fisheries Reseiux^h Station, Barrackpore. 
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is also operatc<l in tlie same manner as the Bher jal in Bagerhat ^'nd Bakarganj. 
Kalpatta jal is a smaller rectangular net 40'~50'xl2' (mesh I"') Oj^jrated in canals 
in Siindarban area. The net is tied across the oanals by fastening the head rope to 
strong posts fixed near tfie hanks. It is kept stretched and upright by means of 
woollen 8tak(*8» hooked at the top. The modm oparandi is^iO yime as for Bher jal, 
Naidii (Mi.'li)) has describtHi the o[MTation of Komar* jalJ j/ is operated on the 
margins of rivers and big canals. Fish anj attracted by tl/a decaying twigs and 
leavtjs of tn^es anchored in the area, and the fish arriving with the high tide are 
encloH(^d by means of the net. They are then removed towards the shore and the 
catch(?H hanked up. 

Hand Meinr and drag nets . — A hand seine known as Katti jal i.s operated by the 
on the Midnaport' Coast. It resembles the KaUuvalai (Horiiell, 1924) 
and KhadI j<d (Cbanhan, 1947) and consists of a long shallow bag of netting 
m(^sh) the mouth of which is kept ojien by means of sticks 8''-9'' long. The bag is 
subdivided into pockets at th(‘ bottom. The net is ojx^rated both at high and low 
tides mainly timing the rainy season. The net, after being paid out in a direc'tion 
at right angles to the shon^line, is dragged along the shore for some distance and 
tht'U hank'd np. A large numlxT of prawns, crabs and other small fishes are also 
caught in the net along with miflk'ts. The catches usually consist of small-sizcd 
fish not more than 9"- 10" in length. Largo drag nets (Tana jal) are generally 
r)p(‘rat(*d in enclosed fishcn ii's. Oast aids (Khapla jal) of varying size and mesh are 
used for fishing mainly in shallow canals, estuaries and enclosed brackish water 
farms. Tras (Atols) (Hora, and Nair, 1944) aix^ designed to capture the fish when 
it swims agairist tla^ (airnait aiul are suitable for operation in farms. 


ConqHhsilion o/ caichea 

Unfortunately th<T<' aw no statistics available regarding the mullet catches in 
any of the fishing <tentres of the State. Though M. tade grows to a large size, they 
are relatively less abundant in numbers. This does not, how^ever, prove that they 
an^ really loss abundant in occurrence as the efficiency of the nets operated has 
also to Ix' takc'ii into ('onsiderat ion. Though mullets as a group form an important 
ittun in the (^ilcutta, fish mar kets throughout the year, the peak period of supplies 
is the wintt'r season when the lower reaches of th(i Sundarbaiis are exploitcfl by the 
camping fishermen. 

In Ikui ('’aiming, fishing is done kx'ally thrfiughout the year. Young ones of M, 
fade aiv abundant during dura* and July and larger fish are caught from August 
onwards. In dunput also young ones are caught from Juno to about October. 
Lirger fish are <*augbt by the tisherrnen only during the winter season which is the 
regular fishing season on the roast. T\w analysis of the size composition (vide 
Tahk's V and VI) in both these centres very clearly show^s that smaller size groups pre- 
dominate in the catc hes. 'Idlest* fish seldom reach the stage of rapid increase in w^eight 
(vide page 197) or spawn even once before they are caught. The redeeming feature, 
however, is that then* is a closure of fishing during the spawning season owing to 
the heavy monsoons prevalent at the time. In coastal areas the fishermen catch 
mullets by means of hand seines even during this season, but it is very seldom that 
a fish in roe is caught. This fact must lie contributing greatly to the maintenance 
of population levels. 

Summary 

Description of the species, disiribiUion, raciation and body measurements. — A detailed 
description of Af, tade is presented and the extent of distribution of the species in India is re- 
coixieKh Statist ical analysis of the morphometric data of samples from the sea and the estuary 
has failed to show any significant differences between them, and it is inferred that the stocks on 
the Contai Coast and in the estuary of the Matlah River form a homogeneous population. From 
a study of tlie growth rate of the different parts of the body, it is inferred that the standard 
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length, and the body length (from opercle to hypurals) have the maximum ratea of growth 
and depth throu^^ orbit, the minimum. Tlie relationship between the total lengtli end the 
‘standard length be expressed by the equation Y -- 0-81 126 X -0*026, whore Y is (he 
standard length. - 

tigfU-length re^^^^nship aiui poruleral index, — The weight of the fish is found to increase 
as an exponential furi^tivf>»^.of its length and the equation for .ho curve is W 0 
From the fluctuations iiytheYonderal index it has been inferred that the fish attains maturity 
for the first tune whet^ it is about 23*0 cm. in length. The poinioral index of the fish 
shows seasonal fluotuatiJns and from this it is inferred that the fish spawns during the 
S.W. Monsoons. 

Food and feeding hxibits . — ^Tho juvenile fish feed on unicellular fiouting or Httache<l algae 
and the adults feed at the bottom on the benthic flora and decayed organic matter, A tnarktHl 
increase in feeding activity is noticed during the winter season, tuid a low fettling activity during 
the rainy season. 

Sex ratio, fecufidityy maiuration and spawning , — The sex ratio of M. fade appears to be nearly 
1:1. The ovaries of nearly ripe specimens contained over ninety thousaiul to 3 lakhs mature 
and maturing ova at a time. From the frequency distribution of ova in the gonatls of mature 
females it is seen that there are three distinct groups of ova, viz., immatiii'e, maturing 
and mature. Maturing ova have boon obsorvt'd to appear for the first time in the ovaries of 
specimens of about 23 cm. length and this is considered to bo the si/o at which first maturity is 
attained. This inference is also supported by data relating to the fhuduations in the ponderal 
index. The fish probably spawns more than once during one spawning scmisoii, and the spawn- 
ing season which may start in May- June, depending on the onstd of the monsoons, lasts till 
about September. It appears to breed in the sea away from the inshore regions. The descrip- 
tion of larval forms obtained is given. 

Age and Growth . — The scales of M. t<tde show annual rings which are most probably tlio 
recordings of low feeding activity apparent during the rainy season. From the bock -calculated 
lengths it is inferred that on an average, lengths of 24*0, 29*0. 34‘0, 39*3, 43'8, 47*4, 52*6, 
57-S and 01*3 cm. aro attained by the species in the respective ages attained during the 10 
years of its life. The maximum limiting length is estimatod to bo 85*0 cm. 

Length frequency distribution . — The length frequency distributions of M. tade collecte<l frorti 
Junput and Port Canning for a period of one biological year have been presented and discussixl. 
The trend of the progression of modes is in agreement with tlio growth rate estimated from 
scale studios. 

Migrations . — The two main migrations of the fish appear to be the seaward migration of 
the mature fish for spawning and the movements of the fry and fingerlings into estuaries. The 
presence of large schools of immature fish in the coastal waters throughout the year indicjaies 
that (ill the young ones do not ascend the estuaries and that both the estuary and coastal waters 
form the natural habitats of the fish. 

Predators and parasites. — Laies calcMrifer forms a major enemy of the fish in estuarine 
waters. The parasites collected from the fish are listed. It is found that the mullet is relatively 
free from any large scale infection by parasites. The larger fish are more prone to parasitic 
attacks. In enclosed fisheries leeches probably infest the mullets. 

Fishery , — The fishing methods for the mullet in the estuary and the sea in Bengal are briefly 
described. Analysis of the catches shows that largo quantities of immature fish are caught by 
the fishermen. 
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Explanation of platks. 


Plate V, Fig. I. 
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Plate VI, Fig. 1. 
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The margin of the scale of a spe(‘imcn of Muijil lade (taught in May, 1940. 

A regenerated scale. 

Scale showing one annulus. 

Seale showing two annulii. 

Scale of Muqil fade showing ten annnlii. 

A portion of the Barrier net (Bher jal) operated on the Conlai Coast (Photo- 
graph taken at low tide). 
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Introditotion 

The Blue Swimnuii^ Crab, Neptunus pclagicm tlisplays in some of its ]>arts 
a marked si'xual diinorjiliism (Prasad and Tampi, 1953) and, therefore, tho authors 
f(*lt that a study of the relative growth of such parts might be interesting. Further, 
as W(‘ymouth and MaeKay (1930) [xunted out: ''This method of analysis makers 
{K)ssible the deteetion of changes of form wliich occur at certain physiological 
eiioohs, notably that of attaining sexual maturity. In the crab, as in mast in- 
vortebraU^s, growth continues although at a decreasing rate throughout life. 
Accordingly there is no tinal or definitivt' size or form as in man. Against this 
background of constantly changing form it is possible to detect changes in the 
differential growth-ratios of various parts in response to internal factors such as 
the maturing of tho gonads or their virtual destruction, as shown by G. Smith (1910) 
in his study of ‘panusitic cuistration’. ’’ Information on the size at first maturity 
is not only of scientific interest but also of practical value in tho management of 
the fisheries. 

No analyses on the relative growth have so far been attempted on any Indian 
crab and in general the study of the relative growth of crustaceans has received 
little attention here. Alcock (1906) meredy pointed out that certain features of 
sexual dimorphism such as proportionately long rostrum of the female shrimp Penaeus 
represent continued juvenile characters. Tazelaar (1930) made a study of the 
relative growth of certain parts of Palaemon carcintis, a large Indian prawn. The 
measurements made by Kemp, Henderson and Matthai on Palaemon makomsoni, 


' Publiahed with tho permission of the Chief lieeearch Officer, Central Marine Fisheries 
Research Station, Mandapam Camp. South India. 
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P. carcinus and P . bengalensis also were analysed by Huxley and others (Huxley, 
J927 and 1932). ... 

The present paper deals with the growth of tlie length of carapace, the chela, 
the first w’a Iking leg and the length and width of the sixth abdominal segment in 
relation to the width of carapace of ISeptunus peUigicMs For details regarding tln^ 
study of relative growth reference may bo nnuhj to Huxley (1932). 


Material and Methods 


The material, on which the present findings are biised, included 479 specimens 
ranging from 8 mm. to 168 mm., in carapace width collected from the landings of 
the local nets nandu valai and kondn valai. In most cases it was not |K)ssible to 
determine the sex of individuals measuring less than about 35 mm., in carapace 
width from external features and therefore, the specimens were classified into two 
groups: (1) unsexed, up to 35 mm., and (2) sexed, males and females above 35 mm. 

The following measurements, recorded to the nearest quarter of a miilimi‘ter 
by estimation, were made: 

(1) the maximum width of the carapace (distance between tlu^ tips of the 

spines), 

(2) the length of the carapace along the median line, 

(3) the length of the first walking leg when fully stretched out, 

(4) the length of the chela, 

(5) the length and width of the sixth abdominal segment. 


In making these measurements no deformed, soft or regenerating parts were 
included. Similarly, those crabs infested with rhizocephalan panisite as seen 
from outside were excluded. Appendages on the right side were usually measured 
but the left ones were substituted when the others were either missing or deformed 
because normally there is no asymmetry in the appendages. 

The method generally employed in the statistical treatment of the relative 
growth data is that of Huxley (1932). His formula for allometric growth y s= 
is widely used and in almost all such cases, one of the regression lines has been 
fitted to the logarithms of the data. Recently Kermack and Haldane (1950) 
pointed out: ‘In many cases of organic correlation it is found that the distri- 
bution of the variates is heteroscedastic and skewed. Often, however, the dis- 
tribution of the logarithms is homoscedastic and more nearly normal In 

addition, it may be found that the fitted straight line does not pass through the 
origin. This may be due to a significant curvature in the trend of the two variates 
. . . .’ So they suggested that ‘considerable advantages are obtained in many 
cases if the reduced major axis of the logarithms is taken.* Following this method 


their formula ^ a = 


1 


Jog0+t>^ 1 

l,og(l+»!)J 


is used in the present paper for calculating the 


slope of the reduced major axis. 


Results 


(a) Carapace length. 


The relationship, carapace length on carapace width as found in five groups: 
(1) young ones up to 36 mm., in which the sexes are indistinguishable, (2) males 
up to 80 mm., (3) females up to 80 mm., (4) males over 80 mm., and (5) females 
over 80 mm., is shown in Figs. 1 and 2. Specimens measuring 35 mm., and below 


1 In this formula vm — a»li and Vg — l^^or full details refer Kennack and Haldane 

( 1950 ). 
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in whicli the deterrnimition of sex is generally difficult were grouped together and 
those over 35 nun., w'<*re groiijx?<l into the respective sexes. A preliminary examinan 



Fio. 1. Logaiithmic plot of the length of carapace, first walking leg and the chela on the width 

of cartipact^ of the unsexetl. 


tion shoM'ed that both males and females exhibit some slight change in relative 
growth at a carapace width of about 80 mm., and therefore, the growih-coefficients 
for those from 35-^0 mm., and those above 80 mm., were calculated separately. 
The corresponding values of a are assembleii in Table 1. It will be seen from 
Figs. 1 and 2 that in all the five different groups mentioned above the character 
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Fio. 2. Logaritlimic plot of length of carapace on carapace width in the males and females. 

shows simple alloiiietry i and the points fall on a straight line on a double logarith- 
mic grid. 

Table 1 


Carapace length on carapace width : a values 


Size range 
(mm.) 

Sox 

or 


Up to 35 

Unsexed 

0-935 

±0-023 

35 to 80 

Males 

0-953 

±0-037 


Females 

0-951 

±0.027 

>80 

Males 

1-051 

±0-028 


Females 

1-000 

1 

±0-021 


^ Needham and Lemer (1940) suggested the terms Ueterauxesis, with Isauxesis, Bradyauxesis 
and Trachyauxesis in place of the earlier terms heterogony, isogony, negative hetorogony and 
positive heterogony respectively. In this paper the terminology suggested by Huxley and 
Teissier (1936) and Huxley (1960) i,e„ allometry with positive allometric growth (a>l), negative 
allometric growth {a<l) and isometric growth when « 1 will be used. 
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TI «3 p lative {(rowth-rate is lowest in the smallest size range. The growth-ratio 
varicfi from 0 935 to 1051 in the different grou^, the minimum being that of the 
unsexed wliieh may be regarded as slightly negatively allometric and the maximum 
that, of males over HO mm., where it is isometric or even approaching slight 
{positive allometry. Thus, the length of the carapace relative to width shows 
a wligiit dcKToase in the very small crabs, whereas th^e is a slight but significant 
incrtta-sr in the larg(‘st irulividuals. The value of a for the smallest size is significantly 
lowe r than those of the males and females of the largest size group studied indicating 
thi reby a gradual acw.-loration in the relative growth-rate as growth advances but 

relative growth-ratio of the unsexed is not significantly different from that of 
thi? males and females ranging between 35 and 80 mm., in carapace width. Similarly 
th(; values show no significant difference cither among the males of the two groups 
or bet w(‘eii the sexes of the same size group. The transformation in the general 
shaf>e of the carapace from the megalopa to the adult is shown in Fig. 3 which 
demonstrates clearly hf>w as the individual grows the carapace becomes relatively 
wider, 

Figiin; 3 lurtlier shows that there is no marked variation in the carapace length 
in relation to sex, a fact alreaily indicated by the growth index. In a closely related 
Hf)(^(ncs, Vallinecifs sapidus, Newcombe, Sandoz and Rogers-Talbert (1949) found 
tliat as the crab gr<jws the length of carapace relative to width shows a slower rate 

(»f growth. 3’hey further notiec^d: ' a constant differential growth-ratio in 

tlu' males throughout the mean range of 17-3 to 185 0 mrn., and in the females two 
separate differential rat(*H. From an empirical standpoint of prediction it is of 
little moment whetluT the data are fitted to one or two equations. However, 
sexual maturity provides a reason for recognising the first displacement at a width 
of about 95 to UK) mm. The second departure is not explainable at this time. It 
is iiotietiable that above a width of 100 mm., the males become somewhat longer in 

pro|K)rtion to tluar width than the females * The growth in N. pdagicus is 

at first nearly negatively allometric* gradually increasing to isometry in the females 
imd to a slight p(>sitive allometry (though the a values are not significantly different 
statistically) in the mal<\s above a carapace width of 80 mm. In Cancer magister, 
Weymouth and MacKay (1936) obs(Tved a gradual increase in the relative growth- 
rate of carapace huigth as in N. pelagicus and found no difierence between the sexes 
below a width of ap|)roximately 10 cm. They obtained an initial k value ^ of 0-76 
at a width of about 0 5 cm,, which gradually increased up to 0*94 at a width of 3-5 cm., 
and although above 10 cm,, females become slightly longer for their width the in- 
crease in the value of k, they noticed, was not readily calculable. An interesting 
feature noticed in the carapace length of N, pelagicm is that as the log/log, graph 
(Fig. 2) shows betweiui 80 and 88 mm., carapace width there is an actual decrease 
iu the absolute len^h in both sexes. After this jx^riod of length decrease there is 
a very slight, non-significant increase in the growth index (Table 1). Shaw (1928) 
observed a similar phenomenon in all except the tliird pereiopod of the males of 
Inachus dorsetlensis but the relative growth-rate in „this species following the size 
decrease does not again reach its previous level. 

(6) Length of the chela. 

In many crustaceans the growth-coefiicient of the chela shows distinct variations 
in regard to sox, some forms having equal positive allometry in both sexes, others 
exhibiting positive allometry in both sexes but with a lower growth-coefficient in 
the females and still others showing allometry in males and isometry in females. 
The growth-coefficients are likely to change also with age and may show sudden 


i The values of a given in this paper are not directly comparable to the k values of other 
autliors as the methoiis employed in (^culating these constants are different. 
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Fio* 3* Changes in the carapace from the megalopa stage A to the luiult male F and female G. B, C, D, and E are carapaces of a first instar 
and three juvenile crabs measuring 5*0 mm.» 12*5 mm., and 19’0 mm., width of carapace respectively. 
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chaiig^ s asHociatCHl witii wueh factors m the onset of maturity. One of the best 
f^xaropn s of this is probal)ly tin*, large cliela of the male Fiddler Crab. The chelae 
of the adidt A . pelagicuM sliow distinct sexual dimorphism, being larger in the males 
than in tic females (Pnisad and Tampi, 1953). 

In Fig. I the log. length of chela of the unsoxed is plotted against the log. width 
of <*arap;ic( and in Fig. 4 the log./log. data for mal5s and females over 35 mm., 
are given. The group of unscx^ crabs has a differential growth-ratio which is 



Fio. 4. Logarithmic plot of the length of chela on the width of carapace in the males and 

females. 
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only negligibly above unity aiul therefore, the relative growth may be considerofl 
isometric (a =» 1031±0 046). In the case of females over 36 ram., the log. length 
of chela when plotted against log. width of carapace there is a close approximation 
to a straight line (Fig. 4) and tlu‘ value for the size range 35 to 80 mm., is I 067dt0 021 
and that for those above 80 mm., is 1‘026±0 024 showing a trivial decrease in the 
relative growth-rate. The growth-ratios of the unsexed and the two groups of 
females show no significant difference sugge^iting thereby that the females maintain 
an almost constant growth-rate. The chela of the males shows somewhat a different 
condition. The practicuilly isometric growtli noti(H}d in the unsexed changes to a 
slight but non-significant {X)8itive allometry in the inaU^s up to a carapace width 
of about 102 mm., when there is a break with an increase in the? absolute size followed 
by a marked change in the growth-coefficient resulting in a distinct positive allometry, 
the a value increasing from 1162±0 067 in the smaller ones to 1-593 ±0 031 in the 
largest individuals (Fig. 4). It is also found that the rato of relative growth of 
the chela in the smaller males does not signili(^ntly differ from that of tlu' females 
but the larger males have longer chelae. A similar change in the growth-rate of 
the cliela of the females in the .size range studied lias not been noticed indicating 
thereby that in this character th(‘ sjK>ci(‘s under consideration shows si^xual di- 
morphism and that the break followed by an inereiuse in the relatives growth-rate^ 
of chela in the males may be as8o<;iated with the commencem(*nt of sexual maturity. 
Thus the size at first maturity in the mal(‘s seems to be about 102 mm., carapaci^ 
width. 

(c) L( fUfih of the first indlkivq hq. 

A Jog. /log. graph re.pres<inting the relative growth of the firsts walking leg of the 
unsexed is shown in Fig. 1. The n^Iative growth characterising this range is almost 
negative allometry (a = 0'935±0 028) unlike the length of chela. Among thi^ 
females of 36 mm. and above, the relative growth-rate is nearly isorm^tricj but there 
appears to be a slight change in the relative growth-rate and the line representing 
the reduced major axis s^xuns to be formed of two segments, the two component 
lines intersecting at a carapace width of about 108 mm. (Fig. 5). The a for th(^ 
smaller sized female crabs is 0*988±0 020 and that for the larger ones is 1*063±0'023. 
While the smaller females do not show a significant differenct^ in thcar growth-ratio 
from those of the unsexed the larger ones have a significantly higher rat(‘ of growth 
than the unsexed. In the males thcTo is a break and a sudchui incaciise in the 
relative growth at a carapace width of about 102 mm., as with the length of chela, 
and those above 102 mm., show a distinct positive allometry, a being 1*433^0 031. 
The smaller males show a significant difference in the growth-co(dfici<‘nt (a = 1 033 
±0-028) from that of the unsexed but not from that of th(‘ females. According to 
Huxley (1931) and Sandon (1937) in Ocypoda aegyptiaca the walking h-gs as a wholes 
grow at a slower rate tlian the carapace showing a negative allometry. 

As already mentioned in the case of the chela, the first walking leg too shows 
definite sexual dimorphism, the larger males having longer walking higs than the 
females. The sudden increase in the growth-ratio of th(^ first walking leg of the 
males at a carapace width of about 102 mm., presumably marks th(‘ ons(d of sexual 
maturity. Huxley (1932) remarked: ‘In general, mah* crustnccsi np{)ear to liavc* 
relatively larger pereiopods than females’. 

{(1) Width of the sLrth nhdomiruil segment. 

The abdomen of crabs is another part exhibiting sexual dimorphism and in the 
female it shows striking allometric growth, for it is always broad in the adult, 
narrow and of the male type in the juveniles. The gradual transition in the general 
shape of the abdomen from the megalopa to the /uliilt, l>oth in the males and females, 
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Fru. T). Uoliition ht'lwmMi tlio width of oorapaoo aiid the length of the first walking leg in the 

nudes and females, Logarithmic plotting. 


is shown in Figure il In Figure 7 is [)lotto<l the log. width of abdomen of the 
unsexod against tht* log. \\idth of carapace. At this stage the growth-coefficient is 
M21±0 055 showing a slight positive allometry. iVs is to be expected the females 
show a brt'ak in the rate of growth of the width of tlie sixth abdominal segment in 
the larger ones (Fig. 8). Up to about 108 mm., the gn)wth- coefficient is 1‘209±0 026, 
wliich is not significiuitly different from tliat of the imsexed, but following this there 
is a pronounced acceleration in the growth-ratio, the a value being l-624±0 057 
and this continues up to the maximum size studied. The males, on the other hand, 
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Fio. 6. The abdomen of a megalopa (A), juveniles (B, C, carapace width 2*5 mm, and 7*0 mm,, 
respectively), adult male (D) and adult female (E). 

show a constant growth from 35 mm, to the largc'st size-range included in the 
present investigation (Fig, 8), but they show a significant difference in the growth- 
coefficient from those of the unsexed and females of all size ranges (Table 2). 


Table 2 

Width of the sixth abdominal segment : a values. 


Size range 
(mrn.) 

Sex 

i 

a 

! 


Up to 35 

Unsexerl 

1-121 

±0-056 


Males 

0-997 ^ 

±0-016 

3r. to 108 

Females 

1-209 

±0-026 

>108 

Females 

,.«4 

±0-067 
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7. plot of loiivrdi atui wiiltfi of’ tfio tiixth abcioiniiuil against the 

width ol i nrapaco in the unst*xed. 

From 'fabh' 2 it is liirtiicr s(M‘n that tiu* gi'ow tli-ratio of tho width of the sixth 
abdominal sc'gment in tlie males over 35 mm. is luatrly isometrie and shows a slight 
but stat ist ieally signiti(*ant dt'erease from tliat of the individuals in which sex 
determination was ditheult. The growth index of the females 35 to 108 mm., on 
th(‘ contrary, is not significantly different from that <»f the unsexed and the change 
biaonitvs appanait only in th(‘ larger femid<\s. 8o it is of interest to note thtit the 
rate of growth ol the width of the sixth aluiominal segment in tlu' smallest A^. 
pilmjicxis is positive allometry, whereas tht‘ males all through have a lower redative 
growth approaching isoimdry. The females throughout the range of size studied, 
whieli iifcludes the largest caught locally, show definite positive allometry in regard 
to this character. Shaw (1928) noticed in the lemale*. Inxiehus ‘that the abdomen 
growth consists of two long jKTiods, one of slight positive heterogony, the other of 
isogoiiy, separate<l by a short period of violent heterogony, which presumably 
begins directly after a moult, since its effects are shown completely by the next 
moult.* But ill the males ot the same species the abdomen is isometric in the voung 
crabs becoming slightly negatively allometric in older crabs. Huxley and Richards 
(1931) observed in Carchius maena.^ that the abdomen of the fiuiiale becomes re- 
jatively larger with increased absoluU^ size throughout the whole of its life. As in 





Flo. 8. Logarithmic plot of width of the sixth abdominal segment against the width of 

oarapGKse in males and females. 


C,^ fYUlCTUis the abdomen in the female N . pelagicus also becomes relatively larger 
with increase in the absolute size all through its life. The investigations of Williams 
and Needham (1938) on Pinnotheres pisum brought out that the relative growth- 
rate of all abdommal segments in this particular species is lower at the smallest 
sizes, almost showing negative allomctry, but increases in the larger ones to slight 
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positive! alloraetry, the value of the growth index varying from 0-98 to M3. They 
have, however, pointe<l out that they did not have sufficient specimens of the smallest 
sizes to obtain a dofinite measure of its growth index. 

(e) length of the sixth abdominal segment. 

The log. length of the sixth abdominal segment of the unsexed plotted against 
the log. width of its carapace shows that the slope of the line is almost parallel to 
that of the log. width of the sixth abdominal segment (Fig. 7). There is a close 
agreement botweem the values of the growth index of the length and width of the 
sixth abtlominal segment of t\m unsexed crabs but these are significantly different 
in the males anrl females, the males having a slightly liigher relative growth-rate 



Fio. 9. Logarithmic plot of length of the sixth abdominal segment against the width of 

carapace in males and females. 
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in the length while the females show a considerably low* a value in Relation to the 
width (lief. Tables 2 and 3). 


Tablk 3 

Length tf the sixth abdomifuU segment : a valuer. 


Size range 
(mra.) 

1 

Sex 

a 


Up to 36 

Unsoxofl 

1.091 

f 0-064 


Males 

1069 

iO-OlO 

>36 

_ 



Females 

0-992 

4-0 034 


In the males as Nvell as the females over 35 mm., the growth-coefficient is 
constant throughout and there are no indications of a.brupt elianges (Pig. 9) and 
unlike with the width, the growth-ratio of th(^ length of the sixth abdominal segment 
does not show significant differences between the males and females in tlio entire 
size range studied. Although the growth rate in the females falls slightly from 
that of the unsexed, the differen(;e is not statistically significant. Drach (as cited 
by Newcombe et aL, 1949) studied form changes in the abdomen relative to (carapace 
of Portunus puber and found that the data followed three parallel linos. The first 
discontinuity, according to him, (;orresi>ondR to the puberty moult and the second 
due to the moult following the jiuberty moult. In Cancer magister Weymouth and 
MacKay (op. cit.) found that the length of the sixth abdominal segment in the 
males shows a varying growth-rate, the valuc/S of k ranging from 1-00 to 1*00. The 
growth-coefficient for the females of the same species becomes markedly different 
at a carapace^ width of 10 cm., but the smallest available males and females show 
isometry. In N. pelagicus this growrth-ratio does not differ markedly even in the? 
largest males and females studied. Tliroughout the growth may be regarded as 
isometric in the females and possibly tending towards slight positive allometry in 
the unsexed and the males. 


Discussion 

Studies of this nature have usually been undertaken with the main object of 
mapping out the general pattern of growth intensities and growth centres, ^veral 
detailed investigations on many species of crustaceans have established the occurrence 
of detiniU^ growth centres and growth gradients. Evidences have also been given 
on the effect of the growth-rate of one part on the other, what has been called 
"positional effect’ where the high positive or negative allometric growth in one 
appendage influences the rate of growth of the neighbouring appendages. However, 
in certain species such as Ocypoda aegyptiaca ^ndon (1937) observed that ‘the 
positive heterogony of the chela has not apparently had any effect on the growth 
of the legs adjacent to them, nor has the increased growth of the large chela induced 
an increased growth-rate in the other appendages on the same aide of the body.' 
But Tazelaar (1930) remarked: ‘There is undoubtedly a correlation between marked 
heterogony in an appendage and the growth-rate of neighbouring appendages. The 
correlation is of the following nature : that the growth of appendages immediately 
posterior to the heterogenic organ is increased, that of appendages immediately 
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ant<Ti(R* is dfXTCis/Ml, irn'si>ective of whether they are of the same type as the 
lictero^fonic <»r;:;an (e.g., p<Teiopod and chela) or different type (c.g., maxilliped and 
ch<da). ' 

N^‘r^dhain (1050) that th(‘ ‘growth constant’ a was not constant, even 

ovt!r rcstri<‘trd jMriods of growth, bnt was a eontinuniisU variable function of carapace 
Hi/<‘ and thendbn*, used Mcjdawar’s transformation nitHhod, with certain modifica- 
tions, ‘to give a single, key relation which, within the scope of the data defines 
abdomen width <*ompletely, spatially and Uunporaily. ’ But according to Huxley 
(1050) ‘This meth<jd, however, although providing much the most comprehensive 
picture or d(‘Heription of the process of form transformation, sheds little light on 
tlu* })osHible l)iological causes or mechanism und(*rlying the process. On the other 
hand, analysis in terms of allometry d<»es so, sin(‘e it strongly suggests a graded 
distribution of some substance or proe(‘ss <‘oncerned with tin* regulation of relative 
growth-rate.’ The analys(‘s in the presemt investigation have been carried out in 
terms of allometry. 

'i'he, aim of this study, as alfea<ly {M>int<^d out in the introduction, is primarily 
to asc(‘rtain whfUlier the s()e(*ies shows any marked changes in the growth-ratio 
which rmiy Ix' considenMi as associated with th(‘ attainment of sexual maturity as 
th(' speeii's shows distimd sexual dimorphism in regard to the chtda and the first 
walking h'g, both being relatively longer in the larger males than in the females 
of the same size range;. Similarly, in the ea.se of humiles the* siieldeai change in the* 
width e)f the; alxlorm a from the* male* type; te) the* female type is also a sure sign ejf 
the onset of maturity. As Smith (190fi) |M)inte‘(l e>ut for ImichuH f^corpio, tlu* deviation 
from a simple; straight line; se rie's of jH)intH in all probability is due te) the phe3n()menon 
of ‘ facultative*’ high anel low dimorphism. Such changes may be eiisplayed by 
different parts in diffe rent ways. Thus, Shaw ( 1928 ) observed in /. dorsettemis 
that tlu; ne)rrnal Htre)ng allometry e)f tlu; male ehe*la is replaced by the female iso- 
metric tyjK; of gre)wlh in the non -l)re;e*e ling season and se) also in the periopods. In 
('ancer magidrr wiili the; otiset of sexual maturity there are; significant changes in 
length-width prope)rtions and in the* length and wielth of the S(;va‘nth abdominal 
segment. In the male's there is a change; in the relative growth of the walking leg 
(Weymouth and MacKay, 1930 ), 

In N . pplmjicitfi eea-tain signiiie*aiit e'hanges in tlu* relative growth-rate of parts 
whine'll can ri'asonably be eittributexi to physiological change's associate‘d with the 
onse*t of sexual maturity eire* observe'd. The* authors, during the*ir inv(*stigation on 
the* l)i()logy of this spe'cie's (Ih'f, Prasad and 1’ampi, op. cit.) found that the smalle^st 
crab in berry was KM) mm., in <*arapa(*e* width. An analysis of tlu* relative growth 
of the* wielth of the; sixth abdominal se'gment has shown that there is an abrupt 
break, incre*ase* in wielth anel further ae*eent»iation in the rate* e>f growth, an indication 
ol the e)nst*t of sexual maturity, at a carapace* width of about K)8 mm., wiiieh is in 
very close agn*ement with the* e)bse*rveel size of the smallest crab bearing eggs. 
Tins sudden change from the ‘internu^diate type’ of abdomen te) the typical female 
ty{K; see*ins to be completed during a single moult ^preei'ding the attainment of 
sexual maturity. No such change is, heiwever, noticed in the length of the sixth 
abdominal segnu*nt wdiich meuntains an alme)st isometric growth throughout. The 
females, ev(‘n from a very early stage show a significantly higlu*r rate of relative 
grow th than the males in tlu* widtli of the sixth abdominal segment (Fig. 8) but sex 
differentiation based on the shape* of the abdomen cannot be dejKiided uj)on until 
the crabs have growm to a size of about 35 mm., because the ‘intermediate’ type of 
abdomen of the juvenile females cannot always be distinguished with certainty 
from the male type. Tlie increase in the w idth of the sixth abdominal segment in 
the males seems to be gradual and constant throughout without any abrupt change 
as observed in the larger females. In several instances, such as Pinnotheres pisum 
(Williams and Needham, 1938 ) and Carcinns (Day, 1935 ) a fall in the relative growth- 
rate at a particular stage has been observed in the female abdomen. The growiih 
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of the female abdomen in Pinnotheres is most rapid before maturity, after wliioh 
growth is practically isometric. A similar phenomenon of a fall in the growth- 
rate of the sixth abdominal segment of the female has not been noticed in N, pelagicus 
and with the onset of maturity there is an increiise in the relative growth-rate which 
is maintained tliroughout. 

It was also pointed our earlier in this paper that a slight change in the ndative 
grow'th-rate of the first walking leg in the females is noticed, the lines repn^sonting 
the reduced major axis of the two pliases intemecting at a carapace w'idth of ap- 
proximately 108 mm. This is probably an additional supporting evidence to the 
conclusion that the females attain maturity when they are about 108 mm., in 
Ciirapace width. 

The problem of ascertaining the sexual maturity in th(‘ males is geiKTally more 
difficult because many species ma\' not show^ great external change's at the' time of 
sexual maturity. However, N . pelagicus sIioavs e^avsily discernible' se'xual dimorphism 
at least in one character, the length of chela. A change in the relative' growth-rate 
of the length of chela in the males is observed at a carapaejc width of about 102 mm. 
Similarly, a change in the relative growtlerate' of the first w^ilking l(!g was noticed 
at the same size. Thus it apjKuirs that the onst't of sexual maturity may Ix' slightly 
earlie'f in the males than in the females. Pearson (11)08) recorde'd a similar condition 
in Cancer pagnrus and as for the' males of N. pelngicxis in Australian waters Thomson 
(1951) stated : ‘ It is true that the crabs mature at a U'sser size' winch is e^stimated to 

be about 4 in., vvhe'ii the secondary sexual characfe'ristics beco?ne (*vident ' 

The siz(‘ of 4 inches given by Tliomson is in good agreement with that observed 
locally. In Callinectes sapidus NewTombe et al. (1949) found Mitth^ difference in 
this respect betwxH'U sexes. The changes in th(‘ linear ratios suggest that females 
mature w^hen about 9i>-100 nmi., in width. The moulting data presenttxl hero show 
that sexual maturity in the males is probably attained at about the same size.^ 

The abrupt natun^ of changers in the relative growth-rate of the width of tlu^ 
sixth abdominal segment and the length of the first walking leg in the fiunales at a 
carapace width of 108 mm., and similar changes in the length of (diela and the first 
walking leg of the males at 102 mm., carapace width suggests that in N. pelagicua 
sexual maturity is usually attained by a single moult. A similar phenomenon has 
been noticed in Pugeitia producta by Weymouth (personal communication). 

The })eculiar phenomenon of decrease in the absolute length of carapaces in both 
sexe's is hard to interpret. 8haw (1928) who noticed a similar ‘back kink* of the 
curves for all the pereiopods of Inachus dorseUensis suggested: ‘It may well be that 
the relative growth-rate of the pereiopods decreases at the same time as that of tlie 
chelar pro})UH deereasi' (i.e., there is a similar slowing down of growth in the non- 
breeding season) and that after this j)eriod when the relative growth -rate of the 
chela rapidly increases, this acts as a drain on the pereiopods, so that these never 
again attain to their former relative size'. * In N. pelagictis the phenomenon takes 
place long before the attainment of sexual maturity. Therefore, it does not seem 
to have any correlation with the breeding activity and the explanation will have to 
be sought elsewhere. "The authors (1953) have mentioned in their report on the 
biology of this species that there is a certain amount of segregation according to 
size. Analyses of size-frequencies of crabs landed by two different types of nets, 
one operated in shallow waters and the other in relatively deeper areas, have shown 
that the latter composed of crabs alKJvc 90 mm., and the former 80 mm., and below. 
This size range coincides with that when there is a decrease in the carapace length. 
So it is possible that the observed decrease may be caused by a change in the environ- 
ment during the migration from shallow to deeper waters. Weymouth (personal 
communication) has suggested that this retardation of growth may be due to a 
great increase in the gonadial tissue (which sometimes amounts to a third of the 
bulk of the tissues) at this moult and the crabs then seek deeper water. However, 
further detailed work is necessary to ascertain the exact cause. 
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Hdmmaky 

Tho <ioaJ« with the relative growth (on tlie baais of carapace width) of (!) the length 

of carapace, (2) length of the chela, (3) length of the firffb walking leg and (4) lenj^h and width 
of the Hixth abdominal aegment in the unaexed. malee and females of N. pelagicus. 

479 crabH ranging from 8 to 168 mm. are included in tVi» study. Huxley's formula for 
allometric grr^wth hoa l^een employed but inateiui of fitting thA conventional regression line to 
the logahthrna of the data, Kermfw;k and Haldane’s method of taking the reduced major axis 
of the logarithms hiis l>een iise<l. 

Aliornotric growth has been found in the majority of the parts studied, the a values ranged 
from 0-936 to 1-693. 

A decro<ise in the almolute length of the carapace in both males and females has been noticed 
at a carapace width ranging from 80-88 mm. It is suggested that this is perhaps caused by a 
change in the environment b^ause there is some evidence of the crabs migrating from shallow 
to deof)er waters at this size. 
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THE ABSORPTION SPECTRUM OF BiBr 


by P, K. Sim and K. Majitmdar, fhysics Department, Vniversiiy of Allahabad 


(Commuriioated by A. C. Banerji, F.N.l.) 
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Introduction 

Howell and Rochester (1934) using a high frequency discharge obtained the 
emission band spectrum of BiBr molecule, but no vibrational analysis 8(‘ems to have 
been done. Morgan (1936) obtained the absorption spectrum by using a long column 
of vapour formed by heating bismuth metal in a vapour of bromine in an open 
iron tube to a temperature of 9()0'’C. Besides these no further information is 
available. 

In view of the fact that a system of bands of BiCl molecule was observed by 
one of the authors (Sur, 1950) in the extreme ultraviolet n^gion (AA 24(X)-220()) 
in absorption, it was expected that a molecule of the same group might give 
a corresponding system in about the saim^ region. With this purpose in view, the 
present investigation was undertaken. 

Experimental 

The experimental arrangement was essentially the same as was used by the 
author in previous investigation on BiCl (1950) and BiS (1951), and other molecules. 
A chemically pure sample of BiBr 3 salt was obtained from Eimor and Amend, New 
York, through the kindness of the Head of the Department of Chemistry, University 
of Cornell. A small quantity of the salt after b(?ing dried in an oven was introduced 
into a vitreosil tube 15 cms. long and 1 cm. internal diameter. This tube wns 
inserted into a closely fitting Acheson graphite tube heated electrically to a tem- 
perature ranging from 900°C. to 1020°C. within a water-cooled furnace provided with 
side windows for making observations. The substance is highly vaporisable and 
quickly effuses out of the absorbing tube. To prevent this the furnace chamber 
was kept filled with nitrogen at a pressure of about 30 cms. of mercury. It was 
not until the vapour had thinned out sufficiently that a spectrogram of measurable 
intensity was possible, for whi(;h a prolonged exposure lasting from two to two and 
a half, sometimes three hours was found necessary. The band systems, in spite of 
several try outs undei; varyir/g conditions, could only be developed feebly. A 
temperature of abouty8{K)®C.^as sufficient to bring out the bands to just a measurable 
intensity. Observations \^/re taken on a E 2 quartz spectrograph on J8, 20 Kodak 
plates. A coppe’ arc wj<is used for comparison spectra, and temperatures were 
estimated by aii ^optical dyrometer of the vanishing filament type. A water-cooled 
hydrogen discharge proWded with quartz windows was used for the continuum. 

Results 

Figures Ifa) and 1(6), Plate VII, are a reproduction of the bands of the ultraviolet 
system C, and systems D and E respectively. The observed wavenumbers reduced 
to vacuum, the difference between the observed and calculated wavenumbers, the 
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estimated inteasities on the weahi of ten, and the vibrational quantum numbers are 
r(iCoi<l(*d in Tabh.;^ 1, 11 and 111 for the three systems of bands. Tables IV, V and 
VI give tlie Deslander s Hclumie. These band heads are represented within the 
ex|HTi mental error by tiie following formuhie : — • 

For tlie system ( ’ 

= 34362-9 + r)():i8 i.)-- ^ )2.--2()9-3(t;"+ i) + -4d(r'' + ^ ^ 

For the systtun I) 

V == 41633 3 + 602 5 (e'+ A)~-20i) 2(e*+ ‘ 2r>(«;'+ ,\)2 + -60(1’'' + .\)2 
and for the system A’, 

43502 33 + 319(^^'+^)-^ ^(7^'+^:)-"^69 2{tr+i)+ 60(2;'’+ i)2 

The last t,\v<.) systems overlap fxdween the wavelengths AA 2350-2336 A, as the 
system origins are very eiose to each othca*. 
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TAB1.K 111 


A in l.A. 
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Figs. 2 Hiul 3 show tlio Coiulon parabolas for the systems ( ’ and E respectively. 

These parabolas are not well dehiual on account of few bands in each of the, 
above systems. A parabola could not be drawn foi' system D on account of the 
same reason. These plots, how<*ver, indicate that thedntem,;ty plots of the band 
lu‘ads lie on opi'ii parabohks iis exjHH'ted from large cl^erenct j in the values of 
le/ and w/ in the above systems. The intensity observed, for tVe (0, 5) bands of 
the system E is abnormally high. 


Discussion of Results. 

]\rorgan could observe in absorption band systems due eaOh of the isotopic 
molecules BiBr*^^ and BiBr®^ which have practically the same abundance ratio. 
He had taken his six^ctrograms on a 21 ft. grating in the second orut* a 

dispersion of *48 A mm. at 39(X) A. In our case no such isotopic separation in tuo 
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band heads could be detected, even for the more refrangible syfetenis using a medium 
quartz spectrograph, having a disjx'rsion of II A nim. Possibly another reason 
lor its non-appearance may be that a wide slit liad to be list'd for photographing 
the bands in the extreme ulira^i^tet region het'ause of the very ptxir intensity of 
tlie continuum in this region ftf>m tlie hydrogen tlischarge tube. If the slit width 
was narrowed down below^ a ^rtain limit, it was observed that no continuum could 
be recorded on the plates. As a result the band ht'ads were very diffuse, and possibly 
isotopic lieacLs wxTe lost in the general diffusivtuiess of tht' liand lieads. The in- 
creasing diffusiveness of the heads, howevtu', as they move out from the system 
origin leads one to suspect that there are unresol v(‘d bands due to isotopic molecules 
(BiBr’^^'^ and BiBr®i). An isotopic separation could, howi'ver, he ohsc'rved in the 
case of Bid molecule by one of the authors. TIh' three sysU'ms ohsi'rved by the 
authors as well as the two observed by Morgan in the visible region appear to have 
the same ground state as can be judged by a (‘omjiarison of the vaha's of the ground 
state constants for the different systems observed by the authors, and those deter- 
mine<l by Frank Morgan. 

For the lower frequency system of BiBr^^^ 


Morgan 


w/ 209 50 
0-460 


Authors 


System A (lower frequency) 
w/' 200 30 
xj' 40 


For the liigher frequency system of BiBr'^® 

Authors 

Systems D and E (hig)ier fr(*(iuency) 
209 17 209-20 

wAx: -469 -60 


Besides the agreement of these constants, higlu'r frequency sysOun E of Morgan's 
bands in the visible region were always recorded on the plates, though as a very 
narrow absorjition region (undcT the small dispiTsion of a medium quartz speedTO- 
graj^li) with a sharp edge at about X 4040-45*, which is practically the sanu' as the 
origin of the sysb'in rep(»rtcd by Morgan, thus confirming the assignment of the 
new' systems obtained by the authors to BiBr molecule. 

Morgan observed in both the band systems obtained by him in tlie visible 
region, a rapid convergence of the band heads. As the number of band lieads in 
each of the systems is sufficiently large, it was possible to obtain the convergence 
limit at about X 4520 A, and to determine the dissociation energy Dq. Th the 
present case, the number of viands observed is very few, and the heads do not show 
any convergence fi^'all, e^ cn to extrapolate and determine the limit. Thus it is 
not possible frori the e dsting data to calculate the dissociation energy of the 
molecule. 

Summing ip the f How ing schematic diagram Fig. 4 (not drawn to scale) gives 
an idea of the'yario^S electronic levels of the molecule obtained by the authors 
in relation to tb's^ Observed by Morgan. 


♦ Actual He^drat v 24738-6, i.e. A 4041 A. On closer examination of the Morgan’s bands 
as re^ord^ 'r- plates of the authors, it is easily possible to identify the fairly strong bands 
of t^-e sequence Av — 0, which lie on the shorter wavelength side of A 4041, (0,0,) band. 
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S^^MMAUY 

ofisprvtnl I wo of bajhln in nb4(»r|)( i<»n for IJiBr njo|fM*uh^ in t ho v isihlo 

rf'^ions witli urii^ni.^ nt |0|r»-7 A Hn«I fSO!)* I A. 'ffin lowm* froijmjtu’y HV^'tnni (Iol'tikIos to tlif* 
rod, lull lh«' «hrr<-tion in \viji<'h tlu' otiirr 8y.drin (li^grndort is in doubt. In tlio prosmt pafior 
<vrn report rd I lin t' rn'sw systnuis ohsorvod in ubsorption in tlin ultnvviolot rogioas AA l!!H)S 1^709, 
AA iMui) L’.’Kili au<l AA *J.‘{.7n rt'-jprc.t ivoJy. d’ho bandn urn (b'gnidod to thn \'iolot in oacli 

cast', and tin' band hoads lit in I h(' following formulas; 

Sv'^h'iii (\ V i oo.'bSa/ o- Wu - 2i)\h:ui' , o- tow'- 

Systfiu /b V iKnbbli I ; bdiOib^ 

Systoin /7, 4:b70'2 ‘.rA \ IM9a' u uu 2 ‘2b9-'Ju" 1 bd)t)ii"2 

^v bt'fo u ' 4 

Hautl btMids duo to lb»> ist)t(^pi«' molooulo worn not rocordotl. 
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Culiivaiion of Sciena, Jndavpur, CalcutUi VJ 

(Communicated by K. Banerjee, K.N.l.) 

[Received September .9 ; read December />/, 19oll) 

Introduction 

The problem of deposition of metal lilm at tlu‘ ^^lass surface luus a ^reat technical 
importance. The electrodej)osition of metal on metal is kuioMi for a lonjz tiiiK* and 
in this case some interesting observations have been ina^h* such as lattice distortion, 
selective orientation, etc., of the deposited metal. Although ti;lass is non-metal, 
y(‘t numerous methods are known such as metal sputlerin<jj proc(\ss, ch(*mi(‘al 
reduction process, pyrolysis of organometallic compounds, etc., vvluu'c'by an adheient 
metal film can bo dcix)sited at the glass surface. It is known that the surface 
structure of glass plays a leading role in the process of formation of imdal film at 
the glass surface. 

Recently a large amount of \vork has been done' on the structure of glass surface. 
Weyl (1015, 1048), K. Nakanishi (1003), aiid a few otluT workers are responsible 
for a considerable advancement in that din^ction. It is quite evidiait from their 
works that the structure of glass surfa(‘e is quite dilfenait from that of th(‘ bulk. 
As a matter of fact, by contact with liquids containing metallic (‘ations the glass 
surface modifies its structure by ion-cxchangc of the Na ions of th(‘ ghuss surface with 
th(‘ metallic cations of the liquid. H. Devaux and JI. Aub(*l (1927) d('monstrat(‘(l th(‘ 
\ahdity of ion-exchange mechanism on the glass surfac(‘ with the dilute* CaSO| 
solution. Weyl and Williams (1945) made a successful aj)plication of ion-exchange* 
[irocess in the preparation of red Cu-glass. In the case of silv(*ring e>f the* glass by 
the chemical process ion-exchange mechanism is also a potent factxir. It is worth- 
while to mention here that the ion-exchange mechanism itself produejcs no colour 
change* at the glass surface; the colour is elue to tlie redue*tion of the* metallic cations 
to the elemental state by the redu(*ing agent alreaely present in the glass and then 
the aggregation of metal to the crystal of colloidal size. 

In view of the above facts it will be interesting to make an investigation of: 
(1) the change in the structure of glass undergone by keeping it in contact with the 
solution (jf noble metals, (2) the nature of the metal film dejiosiUjd on the glass 
surface by the chemical rcduc-tion process as well as by the pyrolysis of the organo- 
mctallic compounds and (3). Jie effect of temperature on the metal film deposit<*d 
on the glass surface ‘ 


Kxperimkntal 

Prior to t'le aep',sition of the metal film on the glass surface of high alkali 
content (17% -VaoC;, glass specimen was thoroughly cleaned and then heated to 
about 500-'550°0 ^ for half an hour whereby the concentration of Na ions increases 
at the glass surfo'^ce. ^*;‘Some cases the glass specimen was treated with a solution 
of SnCl 2 and d» to that operation, some Na ions at the glass surface are exchanged 
for x*v.**s. After the above preliminary treatment of the glass specimens, 

^'.jtal films of Au, Cu and Ag were deposited on the surface in the following way. 
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Ou films were (leprmite<l on the glass surface by two distinct processes ( 1 ) pyrolysis 
of oigannmetallic salt of ()u and (2) chemical reduction pnjcess. By raj)idly heating 
copfior fr)rmate in a thin test tube at about 150°-2(X)X\ a bright mirror of Cu is 
d(‘poHit<*d /it the inner glass surface of the tes^lnbe due to the decomposition of 
cop|x*r formate in the following way: — 

Cu(COOH + 2 CO 2 + Ha- 

Similarly a film of Cu is also deposited at the glass surface' by the reduction 
of alkiilinc cupric tartrate solution by formaldehyde solution. Silver is deposited 
at- tlu' glass surfa(*(^ from tlie arninoniacal silver nitrate solution by formald(‘h\ de 
ri'diiction pnjcess as well as by Brashear’s process. Methods adoptt'd for the 
lihn deposition of copjKT and silvc'r are quite wc'll known and the metal is usually 
supplied in the form of complex ions. In the case of gold, a slight departure was 
madidrorn the usual process. A thin film of g(jld was deposited at the glass surface 
by keej)ing 7-6 j)er cent Auric chlorirle solution in contact with the glass surface 
for a long time. Similar result was obtaimal by keeping of 5 per cent AuCl;} solution 
and 40 per (amt formaldehyde solution in the volume ratio of 1 : 3 for a fi'w days. 
In th(^ case of gold, the abovi.' two ])roc('ss(*s an' vi-ry slow. Blatinum was deposited 
on the ghiss surface by Prof. Bottger’s mt'ihod (vide The Scitritijic Arjirrica 
( \ijclopedia for Formula^ Vol. I, p. 499). 

'rhe thickac'ss of tlu^ metal film (‘an be controlled by the manipulation of tlu* 
exjK^riimaital condition. E/ich pro(‘(‘ss luis its own limitation and within a- ct'rtain 
rang(' tlu^ t hic.‘knes8 of th(^ nu'tal film (^an be variial. (h'uerally tlu' thickni'ss of tlie 
film is of th(^ order of ('olloidal dinu'nsion. In some cases the film is almost 
transpan'iit or translucent in transmitU'd light. Again in some cases the tliicktu'ss 
is such that it is almost opaqiu^ in transmitted light. But in every (^ase there is 
a m(>tallh' n^lexion in tlie rellected light. 

Use has been mach^ of X-ray diffraction method for the determination of tlu' 
nature of the film as wc'll as for tlu' (‘stimation of the size of the (‘onstituents of the 
metal film. 'Phe investigation is confined to the specimens of appreciabh' thickness, 
otherwise if the thickiK'Ss of metal film is vi'ry small, no us(*ful result is obtained 
from th(^ X-ray diffrai'tkni study, althimgli in those cases the electron diffraction 
study is (juite helpful. The usual lladding type of the X-ray apparatus has Ix-en 
used for that purpo.s(* and the tubt' was run at GO KVd^ copper anti-cat liodi' with 
20 milliampert's tube current. The ditfraedion photographs of some r(‘])rcsentat ive 
specimens have been shown in Plate' \dll. The X-ray pii'tures of those specimens 
reveal the presence of both band and lines. Band is due to the glass base and broad 
lines are due to the metal film. The data of spacing are given in the following 
table. 
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Tahle I contd. 


Copper 

Platinum 

Spacing 

Intonsiiy 

IMjmo 

Sj lacing 

1 ntonsit V 

1 

Plant" 

2 08 A 

8 

(HI) 

2-25 A 

H 

(111) 

1-81 A 

ins 

(‘20U) 

1-95 A 

ms 

(200) 

1-277 A 

rn 

(220) 

1-382 A 

ms 

(220) 

1-089 A 

in 

(311) 

1-17S A 

in 

i;ui) 

1-043 A 

mw 

(222) 

1 - 1 28 A 

w 

(222) 

0-905 A 

\S' 

(40(0 

1 





In each case the composition of tlie respective metal film consists of metal 
only with the exception of copper film deposited by the pyrolysis of copper formate 
where the presence of C 112 O, denoted by the lines corresponding to the spacing in 
3 00 A (vw), 2 45 A (mw), 2 12 A (w), 1 51 A (w), 1 283 A (w), are found in the X-ray 
picture but the amount of Cu(ous) oxide is very very small. It is further observed 
that by making pyrol 3 "sis operation in vacuum, ewen that trace of Cu(ous) oxide 
formation can be avoided. 

The size of the particle of the film has been determined by the half intensity 
width method from the following reflation of Scherrer • 


KX 

L eos 6 




where 0 = the breadth of diftraction interference at points of half maximum 
intensity in radians. 

X = V a VC length of X-rays. 

0 = the angle of diffraction 

L = the edge-length of the crvstal cumsidered as cubic. 

= th(' mutual breadth of the Debye-Scherrer line which is constant 
depending upon the particular apparatus, size and absorption of the 
specimen. 

K = n constant, the value of which is ()‘90. In the pr(^sent case an apparent 
particle size has been determined by ignoring the broadening due to the instru- 
mental factor 5^. 

Tami.e JI 


Description of Iho .spocimen 

.Apparent 
Part iele 
size 

Motal 

Method of Film doposition 

Silver 

Formaldohyde 

35 A 

Sil - or 

Brashear’s process 

44 A 

Go d 

Formaldehyde and AuCJg solution 

40 A 

Gol 1 

AuCIg solution only 

100 A 

Coppor . . 

Pyrolysis of Cu-formate 

66 A 

Coppi r . . 

Alkaline cupric tartrate formaldehyde re- 
duction Process 

120 A 

^•Uinum 

Bottger’s process . . 

48 A 
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The size of the particle has been given in Table 11 and the X-ray pictures 
of some representative specimens have been shown in Plate VIJI. 

The Eikfx’t of Temperature on ttie Metal Film. 

It is well known that the same metal film may show a variety of colours if its 
])hysi(:al coiulition is altered. From that point of view it will be interesting to study 
the eflect of heat t r(‘atm(*nt of those sjK.'cimens studied in the present paper. Each 
BjMciiruai was kept at 7()()^C.“800°(1 for 8 hours in a large access of air. The silver 
S[M*eimen turns yellow, copper specimen changes to green, platinum specimen 
turrLs sliglitly greyish and gc)ld s|K'cinien turns pink. No doubt th(‘ metallic re- 
flection of film also disappeared after lieat-treatment. This change is evidently 
(liu* to the diffusion of the; metal either in the ionic state or the elemental state as 
th(^ ( ase may lx*, into th(‘ intc^rior of the sfXMamen. As a matter of fact the specimen 
which formerly revealed the prc.s(‘iu‘(' of lira's of moderate intensity in the X-ray 
diffraction picture, only shows very W(‘ak lines of the metal in tlu? X-ray picture 
aft(‘r lu'jit -treat m(‘!d. But in the of Cu-filin, after heat-treatment, the lines 
of a'Cristol>alite have fx'on ich nt ifi(‘d. The X-ray picture of that sjx'cirnen li.'is 
h(‘en shown in Blatf' VIII a-rid the sp.ieings of those lines an;: — 4f)4 A, 3 13 A, 
2 85 A, 2 18 A, LM I A. 'Fhat is a[)p'irently due to devitrification of glass\^ matrix. 


Austract 

In t hi' pro.uNiit. i(M\, thi> natiiro of Iho luthoront film of difft^ront inotals such as 

.silvnr and <‘op|)<Ar d<'()'‘sitiMl hy chcrui(al rncllnxl ns well as hy the pyrolysis iTiothod, lias 
l>o»M\ st udied, Hud ill that conru'ct i< ai t ho si/o ot t ho inctal (‘omposinjj; t he tiliu has hcoii flotenniiuMl. 
t'lirtlior lilt' oITt'ct of hanptM’at uni on tlx' uatun' tif tho film has also Ix'cu iM\'ostiL;/\t('d, It. has 
IxMui foiiivd that tlio si/.ti of tlio particle coniposinii; the filin is <>f colloidal dimension and with 
temperature t.mat mtuit , tlie uu'lallic ion t»l‘ tht' film diminishes con.siderahly and nltimaf(>ly 

a I rausfiart'iit. vilx<ss is lernuMl huviiut a tlistinct celouration ilifTereut from tho original 
'the vitnuai.s <*haract erisf ic of tlie .‘!p«'cin\cn is retaiiasl in tho i^aso of An and after hi'at- 
tn'atuKMit wluu'eas in tht' ('ast' ef copper, t)i«' partial devitrification of tho glassy matrix lakes 
phu’e. 
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FORCE CONSTANTS FOR THE BF3 MOLECCLE 
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Introduction 

The method of normal 00- ordinates (Wilson, 1939 and 1941) has been applied 
in the following calculations for the inoleciile BF3 . Of the two ])laiisibl(^ models — 
Pyramidal and Plane symmetrical — for BF3, the latter has b(‘eu us(*d in the ])resent 
calculations as it has been <*onlirm(‘d both by eleelron ditfraction ('X])eriments 
and measurements of dipole moments (Herzlx rg, 19*15). In tl.t* ])l.ino syrnnudrieal 
iviodel BF3 lias three in-plam* and one out-of-plane vibrations, ddie simph* valence 
force Held is inapplicable to ae(‘ount for th(‘ out-oTplane vibration unh‘ss a st'parate 
angle bending constant is introdu(*( d. In this paper, the stndehing, bending and 
interaction force constants are caleiilattMl with the obs(T V(Ml Raman aaal infra-red 
frecpiencies (Herzberg, 1945) of B^’F^. The correctn(‘ss of th(‘S(‘ values is veritied 
by utilising the set of force' constants thus obtained to calculates the corn^sponding 
frequencies for the isotopic molecule and comj)aring these; with the 

observed values. 

CAr-CUUATIONS 

The Plane symmetrical BFy moh'cule belongs to the ])oint grouj) • From 
the group characters, it is set n that this molecade has one non-deg(‘n(‘rate type Ai 
vibration, one non-(legencrat(' ty])e vibration and two doubly d(‘gem;rate type 
Ki vibrations. Out of the above six modes, one is non-planar type Ai" vibration, 
which is not considered in the present paper. 

Construction of the Symmktjiy (^o-ordinates 

The intcTiial co-ordinates from the structure of the molecule are Ad^, Ad^, 
Ad^, the changes in the three B-F distances and Ja^, dao, Ja-, the changes in 
the inter-bond angles. (Fig. 1.) The symmetry co-ordinates for each specie's are 
constructed as liiK'ar * combinations of equivalent internal co-ordinates in such 
a manner that they satisfy orthogonality, normalisation and transformation! 
properties. In this case Adi, ^^2 ^<^3 form one set of internal co-ordinates, 

and Aoli, A 0 L 2 ^^nd Aol^ form another set of internal co-emlinates. The set of 
symmetry co-ordinates thus formed is given below. For the ty^ie A/ vibration, 

Hi = (a 

= 3”* (Jai + Ja2+ Jas) = 0 (Redundant co-ordinate) 

♦ Most general expression for the symmetry co-ordinate is ^ where is tho A;-th 

internal co-ordinate and i.s the coefficient of A:-th internal co-ordinate iny-th symmetry co-ordi- 
nate, the conditiorv for normalisation and orthogonality being - 1 ^ 

k ^ h 

respectively. 

t E6K;h symmetry co-ordinate should transform according to the characters of the vibration 
type concern^ under all covering operations of the point group of the molecule, 
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Km. I. 

I , I* 2t 3 arc thii lliroa Uiioriiio utDinM. 
H K, B K.. ./a, B - F3 dj. 


For th(' W|)(‘ /!/’/ vibration 

t) • (-JJ//!- 
:= 2 “^- (j./,-- J^/ 3 ) 

=. () (2Jai — Ja.j — ^as) 

/A,.- 2-'(J^,^Ja3) 

wfiore tfie sufiix a and h demote th<‘ de'generato vibrations. Since there' are only five 
vibrational de'greos e)f freeelenn, only live inteTnal co-ejrdinates are nece\ssary to 
(bdiiK^ them. But from the slrueture of the molecule there are six internal co- 
ordinates. Instead e)f ignoring eme of the internal co-ordinates, one symmetry 
co-ordinate is ce)nstructeel in such a manner that it is identically zero. This is 
justified as this eM)-eu-dinate contributes nothing either to P.E. or to K.E. In this 
case R 2 = S'** (Jai + *^3(2 + -^a;d considered to be the redundant co-ordinate, for 
tiie sum of the changes of all the angles in a plane around a point is zero. 


Transformation Matrices 


The transformation matrices M'hich transform the internal co-ordinates of each 
type of vibrations are then determine<l. Transformation matrix U for the type 
Ai' vibration is 

.I/j J(/| Jdo Jf/3 Jai Acc 2 *da3 

3-r 0 oY 

For the type Ei' vibration it is written in two ways. Considering the coefficients 
of the internal co-ordinates in i? 2 ., and the U matrix is 


/2x6'‘ -6"^ -6~* 0 

\0 0 0 2x6-‘ 



0 

-6-* 


( 3 ) 
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and considering the symmetry co-ordinates /?.„ and 7?^^, the' V matrix is 

/o 2"* -2"* 0 0 0 N 

\0 0 0 0 2"* -2'V ■■ ■■ 

The following table explains'the transformations of the internal co-ordinates under 
all the covering operations of the group . 


E 

Oh 

(c»'. «;) 

(d'.-K) 



<) 


Adi 

Ad>i 


Adi 

J(f3 

Ads 

^do ^do 

Ad» 


Adi 

Ads 

Ad. 

Adi 

id 1^3 — >■ ^(^3 

Ads 

Adi 

Ad^. 

Ads 

Ad, 

Ads 

Axi -> Jai 

Aixi 

A(X 2 

A<t.s 

AtXi 


AOihJ; 

ida2 ^^2 

A 0.2 

Ads 

Aoli 

Acf-s 

Jao 

Jai 

ida3 

A 01.3 

Acli 

AoLo 

Aa-s 

Jai 

Ja<5 


With the help of the transformation table and tht* coefficients of Mu? internal 
co-ordinat s, the transformation property of the symmetry co-ordinate is verified. 


F Matrix associated with the Potential Energy of the molecule 

The general quadratic potential energy in terms of valence type co-ordinates 
is assumed and is given by 

2F + (zla^+da^ + da^) 

^^fdd + 

/ • • (^) 

(Zl(X| -f" ^<^*3) ^^ 2 ) ^^2 “f" ('d(X2 ^^^3 

2d[Vaa (^ai Ja2 + Ja2da3 + Jaj Jas) 

where is the force constant associated with bond stretching, that associated 
with bending and and are the constants representing the interactions 

between stretching and stretching, bending and stretching and bending and bending 
respectively and is the equilibrium length of B-F bond. In this P.E. function 
there art) thus five force constants to bo determined only by three frequencies. 
Hence the stretching force constant is calculated from Badger's (Badger, 1936) 
rule. The remaining four are determined by the throe frequencies, and 
having been obtained only as a difference (/a*— /aa)* 


♦ In ca 80 of v^ence force field, P.E. is given by 2P -- £f.^ r- (Whittaker) wh(jro/^y^ " 
is the force constant associated with i and k which extend over all internal co-ordinates. In 
terms of the symmetry co-ordinates 21^ ~ E R„ the relation between / and F being 

F - Uf U\ 
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The / jnutrix ah.sociatcfl with the potential energy function is 



lu 

lu 

yd 

0 

df-,, - 

f ht 

L 

L, 

<ffy.d 

df-u 

0 

In 

I d:l 

fu 

0 

^ud 

dfoid 

'//v, 


0 

<1% 



(1 




eff. 

d-f,. 

'//v. 

0 

OLd 



d% _ 

for 

ty{)e Ax‘ 

vibration 

consists of only one 

element 


given by 

and tlmt of Ex ronHisis of four elements 


( 6 ) 


and that is 


(7) 




1 

I 



1 

tUd ‘^'(A-Aa)J 


The elem(‘nts will he tlio same wlietluT Die ex])ression (3) and its transpos(v or (4) 
and its transf)os(' matriees an* used. In these calculations the latter matrices are 
\ised as tliey involve more vanishing elements and tliiis lessen the labour. 


G Matiux associated with the Kinetic Eneiujy of the molecule 

The elements of the kiiK'tii^ energy matrix for the non-degenerate typo 
vibration are obtained from the (‘quation (9) and for degi nerate type vibrations 
the equation (It)) is used. It has been shown by Wilson that the K.E. can 
be expressed as a dot ♦ product of two vectors and finally written in the form of a 
matrix. As there an* thn’o o(|uivah‘nt fluorine atoms it is enough if the vectors 
are obtained for any one of the atoms. The following is the set of the vectors 
us(xl. (Cleveland, 1948.) Boron atom 


-''l 

= Vs (K,+ r,)/d j 


« ( l'^2 + C 3 ) / 

'j;,B = “ ^ S 

i 

~ 1+ f's) 1 


M/> f//> where Sj = ^ jk ^fu «acl 

P k 

P 


m 


.. ( 10 ) 


where fXp is reciprocal mass of the atom in p*th sot of equivalent atoms gp the number of equi- 
valent atoms in p-th sot and x is tl\o degree of degeneracy, (Wilson.) 
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Fluorine atom 

aj^Fi = f ( — 1 1/-+ 1^ a) V^/“» where € = \ d, d is the B-F bond length. 
The rest are zero. 

V I , V 2 1^3 ^re the unit vectors directed along the bonds (shown in 

Fig. 1). In these calculations, ai = a2 = aa = 120 as obtained from tlu‘ electron 
diffraction experiments. (Pauling, 1939 and 1941.) 

From these vectors and the coefficients of the internal (o-ordinales of tlie 

symmetry co-ordinates, the following Sj vectors can be easily obtained. 

6'f = -{\\+ F2+ Fa) 3-* <' = I-,/ V 3 

< = l/\/6 {-2Fi+ F24- Fa) .V'j = 2 Fi/V<5 

6';f„ = l/V2(F3-Fa) =2Vv/l8^Fa-2Fa- (II) 

S'l = «/V2 ( F, + F2-2 Fa) S!;> = 2*/ v^r, ( F,/2+ F;,) 

The only element of G matrix for typo A{ vibration is 

( 12 ) 

The four elements of O matrix for type vibrations an^ 

(3/2/.,,+,...) 

where and /i^ are reciprocal masses of the Fluorine and Boron atoms respec- 
tively. 

The secular equation for typo Ai vibration is given by 

A = (13) 

where A = 47r2v^ c2, being the frequency in cm.*'^ of typo Ai vibration. For 

the doubly degenerate vibrations the secular equation is 

A“ — A (F22®22 + 2F 23^23 + -^ 33^33)+ | F [ . ) 6^ [ = 0 . . . . (14) 

The force constants are calculated by solving the two secular equations (13) and 
(14) making use of the following data: — 

vi = 888 cm.“^ type Ai vibration 

V2 = 1446 9 cm.~^ ) 

> type El vibrations . . . . (15) 

1/3 =r 480*4 cra.~' ) 
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ii]} = 5 469x 10'^^ gm."* 

3'169x 10"'“^ gm. * 

B-F bond length = 1-302 A 

= 7-099 X 10 "* dynes/cm. (Badger’s rule). 

At tluH stage tlu^ numerical values should be substituted. 

From (LH) ~ 8-833 X 10^ dynes/cm. 

Hence 0 867 X 10^ dynes/cm. 

Substituting the two values for A as obtained from the two frequencies 480 4 and 
1445 9 in the equation (14) simultaneously, we obtain 

30 166(/^-/^J-7 104/^,= 11-57x10' .. .. (16) 

--73 08/;;^ + 1821*5x = 608x10^’^ . . . . (17) 

From (16) and (17) it is seen that 

73-08 /;^~429-l A^~90-8 = 0 (18) 

Kquation (18) leads to two sets of values which are given in the following table: — 

I Set II Set 


h 

7-099 X lO** dynes/cm. 
(Badger’s rule) 


fdil 

0-867 X lO** dynes/crn. 


foLU 

-0-2052 

6077 

f(x / y.x 

0-3352 

1 814 


Calculations of thk Frequencies of B^^^Fs 


The forc(^ constants of the first S(‘t are used in calculating the corresponding 
vibrational frequencies of the isotopic molecule . The same formulae hold 

good for the isotopic molecule but with different numerical values for the elements 
of the K.E. matrix since the value of is different from that of p]/ . Further, 
the element of the K.E. matrix for type Ai vibration is equal to and is thus 


seen to be dependent only on the mass of the Fluorine atom. Hence the corre- 
sponding frequency of the totally symmetric vibration of the isotopic molecule 


B^^^Fg is expected to bo the same as that of B^^Fg. 


In these calculations u = 


eoioxio'^gm.**' 

The calculated and the observed frequencies are shown below: — 


Calculated 
888 cm.~^ 
1499 „ 

497 „ 


Observed 
888 cra.“^ 
1497 „ 

482 „ 


The agreement is found satisfactory. 
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Verification op the Product Rule* 

Finally the product rule formulated by Ittnilich and Teller is verified. The 
rule states that the product of the frequencies of a certain molecule divi<led by the 
similar product for the same molecule with isotopic atoms is independent of the 
P.E. function and depends only on the masses and geometric situation of the ease. 
Wilson exj>res8ed this in terms of the K.E. matrix elements and shows that 

^ _ I O I 

77^ A' “I (7“[ 

Where TI^ A is the product of all A’s of the same symmetry class as (h 
The primes refer to isotopic molecule. (Glockler, 1943.) 

For the type E\ vibration 


77, A' 

77, A 


14972x4822 
r445 92x480 42 


1 -08 


\ 0 '\ 

I 


= 1 12 


Abstract 

Wilson’s F-G matrix method has boon applied to dotormino tho foroo oonstants for the 
plane Rymmetrical molecule BF;j. The sot of tho forco constants thus obtained aro utw>d to 
determine the vibrational frequencies of tho isotopic molocuh^ 
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AlWTOSPHEHIC OSCILLATIONS AT HIGH ALTITUDES AND THEIR 
RELATION TO GEOMAGNETIC FIELD VARTATIOxNS 

/>// IC pKATAr, GeaphyMicril Lahoraiory, Benyal Engineering College, Howrah, 
(C<»mnuuii(*.at(Ml by S. K. Chakrabarty, F.N.L) 

(Received November 30 ; read December 31 , 1953) 

The works of LaplacMi atid Lamb liavc shouii that in the atmosphere there 
exist tides just as in th(^ (x^ean. Tiieir eifects are noticed in the diurnal pressure 
variations indi(^ated by a b.arometer. It is known that the solar component of the 
variatioiLs is more pronounce(l than the lunar, th(ur ratio being about 11 : 5. Lamb 
has indicated the gen(‘ral metliod of study of this oscillation taking into consideration 
its d(‘j)euden(ie on tla^ tc‘mp(*ratun^ disf ril)ution. Taylor (1931)) pursued the problem 
further with a model atmospher(‘ and has shown that the atmosjdiere (tan have 
infiniU^ modcjs of oscillation f)ut t he (‘onve(*tive <a|uilibrium reduces to a singles one 
of 12 hour duration. 'Paylor has also shown tliat the atmos[)}iere lias detinitely 
mon^ than otu^ fro(; mode of oscillation and hence more than one fn'o period. 
R('k(*ris (1937) has shown that two mod(‘s of vibration (‘xist in our atmosphere 
with periods, om^ of 10*5 hours and the oUut of 12 hours. He has also shown that 
th(' semi-diurnal vibra-tion has a nodal plane at about 30 kms. At this plane there 
is no motion of th(^ atmosj)her(‘. On either side of this, the air swings in op})()site 
dina tions and moreover’ at a heights of 100 km. the amplitude is about 100 to 200 
tiim*s that (.bserved on the ground. Tlu‘se inferences agree well with the con- 
clusions drawn from th(‘ Dynamo th(a)rv by (diapman (1910). Cha])ma!i has shown 
that lor a eorrei^t inlerpndation of the variations on the basis of th(‘ Dynamo 
theory, the semi-diurnal oscillations at the upp(T laytTS of tlu' atmospluTC' must 
hav(.‘ an amf)litude of about 200 tim(\s t hat observed on the ground and that it must 
be 180® out of phase with t lie observed banunetric oscillations. A different method 
of obtaining knowledge about tlu^ upptu' atmosphere is based on the Radio data. 
Appleton and W(‘ekes (1939) have suggesUHl the presence of a lunar oscillation of 
about 0-93 km. amplitude and approximately in phase with the barometric tide at 
Greenwich. This result was in (X)u(lict with the previous inferences and different 
explanations have been put forward to account for this. The recent Rocket flights 
conducted by the United Stat(‘s Naval Research (5(Uifirm most of the theoretical 
inferenci's given above. A lucid exposition of this problem has been given recently 
by Wilk(‘s (1950). In the pri'sent l)aper an attempt has been made to obtain theore- 
tic^ally the nature of the atmospheric oscillation both in phiuse as well as in amplitude, 
at the ionospheric level which is supposed to be the seat of Dynamo current. We 
shall also discuss how critically the geomagnetic field v^ariations depend on the 
nature of the atmpspherio oscillations. 

Recent records of different magnetic observatories distributed widely over 
the surface of the earth have sliown that different anomalies can be explained 
faisly by the Dynamo theory. The major phenomena of the Sq variations can be 
explained by the variations resulting from the ring currents produced by the Dvmamo 
effect in the upper atmosphere. The ionised air experiencing an irrotational trans- 
lator}^ motion across the earth’s magnetic field produces the Dynamo current. 
This in turn induces a varying magnetic field on the surface of the earth. It has 
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been shown in an earlier pjiper (Chakrabarty and Pratap, 1963) that the current 
function R satisfying the equation 

»] = . 2 + “i" > If] 


-p- 

L.sin 


d4>^ 


] 


(1) 


0d<f>d<f>' de de 

where u and are the velocity components of the conducting air, will have the form 

R = ^yGl<l^Sp:Ppin[mt-oLj .. .. ( 2 ) 


If we represent tlie velocity-potential of the atmospheric oscillation in a series of 
tesseral harmonics such as 




O T 


uluTc is a numerical coiLstant (which has Ihmui includ(‘(l in (2) for convenience) 

and a llu' ])hase of the oscillatfm (it the ii[)p(T layers, then proceeding as in the 
previous pap(T (d) we have 

I 

‘>(T+ I ^ [" (c^— ~+ •) +(<^2—1) i<y+-r) r(T+«) a] 

5 = - 'X 

X 

= 2 22 ^” •• 

s' w= -00 n m 


Wo als() assume for convenience that 

a - a„. (5) 


On determining we can obtain the current-function (2). The method of 
solving (4) and obtaining has been discussed in detail in (A ) together with the 
residuals as well as the degree of ai)proximation introduced thereby. A reference 
may be made to the same for the tables of p^ as well as the residuals. From the 
above current-function, the induced magnetic field may be calculated using Maxwell *s 
relation. 


W = 


4:77 


n+1 

2n^ 



( 6 ) 


where W is the total induced magnetic field. We have calculated the different 
magnetic components using the relations 


_ n+1 / aV dR 

~ add a 2n+l \r/ dd 

1 dW _47r n+l faV ^ dR 
, a sin d d<f> a 2n+l \^/ Hindd<f> 

- ^ 47r n(n+l) (aV^^ „ 

dr a 2n+l \r) 


(southward) 

(eastward) 

(downward) 


a) 
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From X and Y the hv)rizontal cf)mponents of the variation field may be calculated 
using the relation 

A = A X eos Z) + A r sin D (8) 

where D in the declination. 

Tlu^ above results depend on the phase a of the atmospheric oscillation, which 
occurs in the expression for R. At the ground level the relation between the pressure 
variation and the velocity-p(jtential is given by the simple relation 


1 30 8p 

y- dt p 


(9) 


where is the chang(? in pressure and V the velocity of sound. If we extend the 
same relation to the upper airnos[)here then the phase of the atmospheric oscillation 
has to be takiui as 154"" whieli is the phase of the barometric oscillations. Chapman 
has already suggested that this r(‘lation may not be true at greater heights. Recent 
works on tlie upper atrnosfiliere also coidirm this. We have thus examined a few 
jy>ssibl(i values of a and have (compared the results obtained with the results of 
obsi'rvation. 

'fhe variation iti II was calculated for Alibag for different phases, viz. a = 0°, 
154"^, 215'\ 275'^ and the n'sults have been given in Fig. 1. It is observed that the 



Fia. 1. v<iriation for Alibag for different phases of the 

semidiurnal atmospherio oscillation 

— O — phase a = 0®. 

— X — „ a — 154®, 

— • — „ a = 216®. 

„ a = 276®. 
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calculated curves depend very critically on the phase a. A comparison of these 
calculated curves with that obUincd from the observational data published by 
Department of Teitestrial Magnetism of Carnegie Institution, Washington, 
shows that the curve obtiiined with a = 275^ gives the best tit. Witli this value of 
a we have also drawn the corresponding curves for some dift'ercnt obs^^rvatories 
distributed all over the wor/d. These curves also agree well with the results of 
observation. The variations for Aohinger (t^ = 2, A = 369° 6), Alibag 

(<f> = 18°-6, A = 72°-9), Huancayo (<^ = —12°0, A = 284'"-7) and Wathuroo 
= ~-30°-3, A = 116°-9), were calculated with a = 275° and the results are plotted 
in Fig. 2. The measure of agreement between the observed and the calculated 



Fio. 2. AH variation for different Htatioiis with atmospheric 
oscillations having a phase a ~ 275®. 

— • — Abhinger. 

— O — Alibag. 

— X — Huancayo. 

Watheroo. 


curves suggests that the value of a = 275° is a very probable one. It may be 
mentioned that the phase of the atmospheric oscillation supposed to be exwtu^ at 
a height of 100 km. as given by Chapman is 296" which agrees well with the phase 
taken by us in oiir calculations. a. 

We have also plotted the ring currents in the usual way correspondi^ o 
three different values of «, viz. 0°, 164°, 276° and they are shown in Figs. 3, 4 
and 6. It may be observed that in the two former ones we find that besides the two 




266 


B. bjiatap: atmosphebic oscjuxations at high altitudes 



Kkk 3. i^ing (Mirn'iitH hash'd <jri fhf pnisent aiuilyHiH witlj tlie atmo.spheric oricillation having 

a pliai^^ a -- 0" at a lieiglit of 100 km. 



Fi(]. 4. King curnMilH huHiul on li»o prosont analysis witli tho atmospheric oscillation having 

a phase a 154° at a lu'ight of 100 km. 



Fig. 5. Isometrics showing the ring currents at a height of 100 kins, to accoimt for tho 
vivriation. Tho semidiurnal atmospheric oscillation is assumed to have a 
phase a — 275°. 


principal circuits there are subsidiary circuits too. But in the ring currents for 
a phase of 276®, we find only two principal circuits, existing in one hemisphere. It 
may be pointed out here that since we have assumed symmetry about the equator 
in our analysis the isometrics in the southern hemisphere are just a reflection of 
the northern ones about the equator and are not given for the phase 0® and 154®. 
Moreover, there is an overall increase in intensity in the ring-currents when a = 275®, 
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This is evident from the density of lines. For purposes of comparison we have 
drawn the ring-currents (Fig. 6) btvsed on Chapman’s value's of p" and with the 



phase of a = 154°. A comparison of those curves with the isometrics (H)natrucU'd 
by Bartels (1928) from the analysis of the data from 21 observatories for the equinox 
epoch of the sun-spot miniinum year 1902 shows a fair agn'cment between theory 
and observation. A better agreement is obs('rv('d with tlu' isomc'trics given by 
Hasegava based on his analysis for the sun-sj)ot minimum years 1932-33. A 
comparison of the Figs. 5 and 6 will show the t'ffect ])ro(lu(!('<l by th(^ approxima- 
tions introduced in the analysis of Chapman to which we have referred in our 
previous communication. 

In the above calculations the undetermined constant. may now be 

considered. Taking the amplitude at Alibag to be 45 12 y (as obtained from 
D.T.M. publications normalised with the midnight vahn.') a comparison with the 
calculated amplitude gives to be 1-962x103. Taking the conductivity 

existing in the E layer (integrated) as l-44xl0--> for the noon value we get the 
coefficient of the atmospheric oscillation A’g as 7-766x10®. It may be remembered 
that Chapman has taken the value of A'| as 32-4/<x0-010 where R is the radius 
of the earth. On substituting for R wo get A| = 2 063x10® as assumed by 
Chapman. In both these values the order agrees when^as the ratio of the numerical 
factors is about 3 8. It may be mentioned hero that the observed II is the combined 
field due to the external and internal sources of variations. Chapman has given 
the ratio of the external to the internal contribution as 2 5 based on his analysis 
referred to above. Taking this into consideration we find that K\ Iujs got a value 
of 5-546 X 10® which agrees better with that assumed by Chapman. Further, the 
value of UoAg, obtained above when multiplied with the isometric intensities 
gives the correct order of the current flowing in the upper atmosphere to produce 
the desired Sq variation as inferred by Bartels, Chapman, McNish and others. 


Summary 

The dynamo equations developed in a previous paper have been used to calculate the 
Sa variations in H and V. Assuming different ‘phases’ for the atmospheric oscillations at tno 
ionospheric layer which is possibly the seat of the ‘Bing Currents’, and comparing them vnth the 
observed magnetic field variations at different latitudes, it has been shown that a phase oi ^to 
gives the best possible fit. Theoretical estimates of the Sq variations, based on the 
Ivsis. have been obtained for different observatories, viz. Abhinger, Alibag, liuanc^o 
Watheroo. ‘Ring Currents’ have also been calculated with different phases, and that too 
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show that a pha«f» of 275® for the atmoepheric OBcUlation at a height of about 100 km. is the 
most probable odo. 

I am greatly indebted to Prof. S. K. Chakrabarty, for the constant interest 
lu^ him taken during ttiis work. 

References 

A|}j)lf’t<)ii und VVookos (U)39). On Lunar Tides in Upper Atmosphere. Proc. Itoy. Soc,, 171 , 
]7l IK7. 

HartelH, -I. (1028). Ifandbuch der Kxptl. Physic. > Bd. 25. 

(/fijikndmrty, S. K. and Pratap, K. (1053). Journal of Geoph, Research, (In press.) (Referred 
ns A in the text.) 

( .’Ipipmun, S. (1010). 'rho Solar and Lunar diurnal variations of the Earth’s magnetism. Phil, 

Trans., (A) 218, 1. 

Pekoris, ('. \j. (1037). Atrnosplierie Oseillations, 158 , 650-671. 

d’aylor, (1. f. (1036). The Os^'illntions of the Atmosphere. Proc. Roy. Soc. (A), 156, 318-325. 
Wilkes, M. V. (1050). OseillatioriH of the Eartli’s Atmosphere. Cambridg(^ Monographs in 
Physics. 


hstu'd Matj 3, 1051, 
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Introduction 

The need for accurate knowledge of vibrational transition probabilities in 
electronic band spectra of diatomic molecules has been felt by many a worker in 
the field of Astrophysics and by those engaged in elaborating on fundamental 
concepts of mechanism causing the intensity of emitted radiation from diatomic 
oscillators. In view of the earlier findings of some authors that experimental 
results for the same system differed appreciably from one excitation condition to 
the other and that different theoretical procedures resulted in giving differing values, 
the problem of transition probabilities needs close scrutiny from both theoretical 
and experimental aspects. Under theoretical formulations, the relative efficacy 
of the methods can be judged only by studying them in comparison with carefully 
determined experimental data in a system or systems. The present investigation 
aims at testing the relative merits of a few among them, viz. (a) Hutchisson’s 
method (1930) based upon relatively simpler concepts of harmonic oscillator, and 
(b) Gaydon and Pearse’s method (1939), in order to see how far the latter ifulfils 
the predictions about anharmonicity sought to b.' intro luc d by the process of 
distortion of harmonic wave-functions. 

For the purposes of the above problems. Swan bands of C 2 molecule have 
been chosen for the following reasons: (i) Though the theoretical transition pro- 
babilities on this system by Hutchisson’s method are available from (X)mputation8 
given by some earlier workers, some of the results are found to differ from each 
other and hence fresh calculations were called for to examine the discrepancies; 
(ii) further, at the time this investigation was undertaken, the corrections for 
anharmonicity on this system in transition probability calculations were not 
available by any of the known methods and hence the use here of the method of 
numerical integration suggested by Gaydon and Pearse (1939); (iii) there is large 
accumulation of experimental data on this system which are either inconsistent 
among themselves or have not been utilised for the purpose of theoretical study. 
This led the present authors to attempt fresh experimental and theoretical study, 
which at the same time was directed towards the problems of combustion phenomena 
in another independent scheme of investigations. 

Theoeetioal Computations 

(a) Hvichisson's method. 

The transition probabilities being dependent upon the square of the overlap 
integral dr, Hutchisson (1930) has, on assumptions of linear oscillations, 

developed an eicpression for it in terms of I'o, the vibrational frequency; the 
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difference in the intemuckar distance i!i the two states and /i the reduced mass of 
thc 5 molecule. With the following constants of vibrational frequencies adopted 
from latest work of Philips (1948). 

= 1788 22 cm.-i 
vq" = 1641 35 em."i 

and Ar = 0046 A.U. close to the value 00457 of the same author, the vibrational 
transition [irobabilities for sonu^ bands r)f (!.2 (Swan) syskmi w’cre calculated by the 
use of Hutchisson’s inkuisity int<‘gral. These values are given below^ along with 
the earlier available results. The vahu^s of Wurm (1932) are not included as tlu^y 
have been already showm in sitIous error by McKellar and Buscombe (1948). 
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It will be seen that all tlie abo\e computations arc close to each other, the 
disparities being attributable to small differences in constants used. 

(b) Method of numerical integration 

Owing to many practical diffuailties in the evaluation of overlap integral for 
anharmonic oscillations by analytical methods, involving the use of more comjtlieated 
mathematical expressions, such as, the one given later by Hutchisson (1931), Gaydon 
and Pearse (1939) suggested the method of numerical integration in which wave- 
functions corresponding to tlu' harmonic oscillator are distorted to fit the Morse 
expression. By this method ovculap integrals have been calculated and converted 
to squart's in order to aiTive at numbers proportional to transition probabilities. 
They have been entered in Table 2. As these calculations were completed and 
incorporated in a thesis, similar independent study of C 2 Sw^an bands by this 
method was reported by Pillow (1951). This enabled us to check the correctness 
of our procedures and at the same time our results appeared to be complementary 
to that work from the point of view of more comprehensive and consistent 
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experimental data included in them for comparative aspects of theoretical study, 
•especially of the procedures outlined by Pillow (1951). 

Experimental Derivations 

I he theoretical results are examined against the background of ex|X'rimental 
data available from 4 independent observers: (a) ])resent authors’ study of Cg (Swan) 
bands in 4 t\^3es of ethyl-alcohol Haines, (Laud, 1951) forming a part* of systematic 
spectroscopic study of combustion in flames und(‘r communication elsewhen>; 
(b) Tawde and Patel’s study (1937) in 5 types of oxy-coal gas Hames; (c) Patel’s 
(1947) results in 4 different flames and (J) King’s (1*948) inU^nsity study oi Swan 
bands in furnace. These experimental results are given sidi‘ l)y side with all 
theoretical computations including those of Pillow (1951, 1953) from her original 
and improved methods in Table 2. 

Discussion 

It will be seen first of all that our own computed values (column 3 above) 
from the unmodified distortion process nearly agree with Pillow’s values (column 4) 
except in 8 bands. The few deviations seen ar(‘ likely to be slips in calculations 
or may be due to the smaller or larger magnitudes of dr intervals in the numerical 
integration or both. In general, the two indi'pendent calculations by the same 
integration procedure appear to be (piite in keeping with each otlier and thus the 
two sets of values can be taken to be quite representative^ of the nudhod. 

The analytical and numerical methods rtna^al quite a larger departure in the 
resulting values, which cannot be said to be even a})proximately close. 3'he question 
therefore is, which of the two sets of th(x>retical values can be taken as standard 
for the purposes of experimental verification. 

Since the method of numerical integration attempts to tak(^ anharmonicity 
into account by distorting the w^ave-functions of harmonic oscillator to fit the 
Morse expression, one should expect fair agreement between the two theories for 
values of lower quanta. However, this is not the case, and we. have therefore to 
examine the relative efficacy of each of these theories iud(*pcndenily by nderence^ 
to ex])eriraental values. 

It is rather surprising to note that in sjiite of the approximate nature of 
Hiitchisson’s theory (1930), i.e. its limitations to harmonicity, the weight of agree- 
ment is more in favour of it than the method of numerical integration. Further, 
the general manner of approach of the two theories to experimental results is in 
contrast with each other, for in a good number of bands, the results of one theory 
are lower, and of the other, higher than the experimental values. 

Whatever has been found as small disagreement with Hutchisson’s theory, 
appears to be systematic, inasmuch as, the experimental values of bands on 
rmnx side, are higher than the theoretical ones and reverse is the case for bands 
on rmin ^min Side. If, therefore, any modification is to be made in Hutchisson’s 
theory to bring it in accord with experimental values, it must be to correct for the 
above dispersions in the right directions and by right magnitudes. Such corrections 
are possible to be introduced in the theoretical values by using exjx^rimentally 
justified Morse potential energy function. This is equivalent to introduction of 
anharmonicity which is not inherent in the basic assumptions of Hutchisson’s 
theory. 

The method of numerical integration is supposed to take anharmonicity into 
account through the process of distortion of Hermitian polynomials to fit the Morse 
expression. But it appears from the great disparity in results shown by the method 
that anharmonicity sought to be introduced by it, is not only not effective, but it 
widens the gulf further between the theory and experiment. There is, no doubt, 
a tendency in the method to shift the results in the right direction, but the magnitude 
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— The figures in italics in the last column, as now ascertained from Pillow in a private communication, are wrong figures overlooked in 
proof-checking. The corrected numbers are shown in parenthesis. 
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of the shift appears to be too much exaggerated, so much so, that it goes beyond 
the required limit. It is, therefore, thought that the various approximations 
involved in the distortion process, departure from normalization, etc., are res- 
ponsible for the large shift, much in excess of what is required to obtain the proper 
wave-functions, for satisfying anharmonicity. 

After the above views were advanced in a thesis by one of tlie authors (B.B.L.), 
Pillow’s paper (1961) mentioned above appeared, giving a refined pi\>cess of dis- 
tortion of harmonic wave-functions, including the corrections for normalization, 
thus justifying the improvements earlier visualised by (B.B.L.). 

Pillow’s method of distortion tested by her in the ease of C 2 , gives a much 
closer approach of the theoretical values to experiment and i\s such it is considered 
to be a great improvement over the older distortion method. Her values are 
recorded in column 6 of Table 2. 

Pillow tested the performance of the new distortion pn)cess by the C 2 (Swan) 
band computations on it, with one set of experimental results of King (1948) and 
mean of 6 sets of results of Johnson and Tawde (1932). It may be }K>inted out 
that even though the closeness between the results of theory and expt^riment is 
good, the major portion of experimental material, i.c., live sets of values of Johnson 
and Tawde used for comparison by Pillow, have their limitations, because of the 
diverse conditions of excitation of bands (mild flame excitation to voilent spark 
condition), giving appreciable departures between the differcuit sets. Under those 
circumstances, the comparison with Johnson and Tawde ’s mean set of values is 
not quite justified and if these results are left out of consideration, it cannot be 
adequate too. On the other hand, the data of experimental observations relied upon 
for comparative study here, is the mean of 4 sets of reasonably consistent values, 
resulting from slightly varying conditions of steady flame sources under controlleil 
parameters, which were examined and found in effective temj>erature equilibrium 
of vibrational energy. With the authors’ results on ethyl-alcohol flames, the data 
of King (1948) on furnace spectrum, Tawde and Patel’s (1937) values on oxy-coa! 
gas flames and Patel’s (1947) values on different flames, the performance of Pillow’s 
improved method of distortion, emerges much more satisfactory, than made out 
earlier by her with the help of experimental material having limitations indicated 
above. 

The way in which the data of King has been used by Pillow to derive the 
experimental transition probabilities needs some criticism. The values given by 
King are proportional to transition probabilities and Pillow has explain^ to us 
in a private communication that in order to convert these to a scale resulting in 
her case as 0*67 for the (0, 0) band (column 11), she divided each value by 1-6, 
which is probably a rough average, according to her, of the sums of v’’ -progressions. 
On this basis, two of the values in her set should have been 0-31 for (1, 2) band and 
017 for (2, 2) band, instead of 0 36 and 0-26 respectively. These, in fact, as now 
ascertained from Pillow, are errors overlooked in proof-checking. 

Leaving apart the question of small slips mentioned above, the choice of value 
1-6 for conversion appears to be arbitrary, (a) It violates the requirement that 

assuming electronic transition moment to be constant; and (b) it ignores the 
question of distribution of population at various levels. The right procedure 
should, in our opinion, be to divide each value in a ^''-progression by the sum of 
the progression, Pillow also seems inclined to favour it as expressed in her latest 
communication to us. Values thus calculated are given in Table 2. It may be 
noted that the calculational procedure as adopted by us, brings the experimental 
transition probabilities of King (column 10) much nearer to Pillow ^s theoretical 
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values (column 5), thaii were her own figures of transition probabilities from King's 
values (column 1 1). 

Very recently Pillow (1953) has given a fresh set of values of transition pro- 
babilities of ('2 (Swan) baruls, calculated as per method mentioned by her in the 
earlier paper (Pillow, 1951). liiese are included under column 6 of Table 2. It 
cftn be H(^on that tlu'y are, in still better agreement, with experimentiil values, par- 
ticularly with those of King and of the pres(‘nt authors.* 
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Ahstkact 

Attempt luiH tioori inmlo to tonl th« rolativo rnorits of two theoretical methods of calculating? 
transition prohabilitios, vdz. (i) IfiiUdiiMHon’s methoil and (ii) (laydon and Doarso’s method of 
numerical intoj?rat ion. 'rranHitif>n pn>hahiliti<?s (Swan) bands liavo boon calculated by these 
rnelhoilsand these have been studied in comparison with the carefully determined oxpcn’imc'ntal 
data. It h^vs been observed ihat in spite of the appn)xiinate nature of Ilutchisson’s theory, tlie 
weij?ht of a.f?recment is more in favour of it than the m(»thod of numerical iritepration. The dis- 
ai?reement with tti(» latter method is attrihuUible to the various npproxirnation.s involved in the 
distortion process, depart ur(^ from uormalization, et{\ 'Fho new method su^^ested by Pillow 
tak('S tliese fa<;tors into acooutit aad values e.alciilatod by this method a^?roo with the experi- 
mental valutas of the proseiit authors as well jvs some earlier observations on llamos, thus justifying 
the irnprovernerits previously visualised by the authors. 
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is SALT IN SAMBHAR LAKE WIND-BORNE FROM THE UANN OP CIVTCM 

AND THE ARABIAN SEA ^ 

by S. K. PiiAMANiK, F.NJ.y Deputy Director-General of ObscriHitories, and 
K. P. Ramakrishnan, Meteoroloyist, Poona r, 

{Received Deceml)er S ; read Deceanher />/, 1Uo3) 

The problem of salt in inland lakes has engaged the attention of 
many workers on the subject. The origin of salt in the lakes of Rajastlian 
have been attributed to the drying up of an inland sea, salt springs in the 
crystalline rocks, and to the products of w(‘athering of the n)cks and tlu^ 
bringing in of the salts by surface drainag(^ to the lak(*s witli little or no 
overflow. Holland and Christie (1913) considered these exj>Ianatiuns and 
postulated a new theory about 40 years ago. Acc^ording to this theory, the 
salt is brought by strong winds during the hot weather Jroin the evaporation (^f sea 
spray from the Arabian Sea coast, and from the dry salt deposits in the Rann of 
Cutch to Rajiisthan in general, and mainly from the Riinn of Cutch to Sambhar 
Lake in particular. The southwesterly winds which blow during the period (?arry 
a large amount of sand and salt particles whi(‘h is dropped when the velocity of 
winds decreases at night, and once dropped the forces of wind is not enough to lift 
up the particles ('xcept near the coast whence tlu\y may bo picked up again and 
retransported till the wind drops during the next night. The theory luis been more 
or less generally accepted. In the Symposium on Rajasthan Desert in March 
1952, Godbole (1952), however, objected to the theory of Holland and Christie 
and has since put forward the theory that the salt in Sambhar ‘is the result of chemical 
action among residual solutions during the post-transgressional phase of the great 
Tethys (sea) at the end of the Tcirtiary age and the period following it*. During 
the discussion that followed Godbole *s paper in the Symposium, it became clear 
that a detailed examination of surface and upper winds was necessary with a view 
to decide whether the salt in Sambhar Lake c<juld have been borne by wind from 
the Rann of Cutch. Such an examination of wind data has been made in this 
note. 

2. It should be mentioned that we have no information about the strength 
of the winds and the character of wind circulation more than three-fourths of a 
century ago, but in this note we are assuming that the wind strength and pattern 
were more or less the same as they have been during the last 30 years. 

3. The mean winds at the surface and at levels of 0*3, 10 and 2 0 km. in the 
morning and evening in the months of April to August, and in the morning only in 
October and January are given in Figs. 1-12. In these figures, the wind arrow 
ending at the station shows the direction from which wind blows and each feather 

( \ ) represents a mean speed of 10 knots or nearly 11 ra.p.h., and each half 

feather ( \ ) represents a speed of 5 knots or 5*5 m.p.h. When speed is less 

than 3 knots, only direction is shown by an arrow without any feather. Thus, in 
the chart for surface in Fig. 1, wind at Karachi is blowing from WSW with a speed 
of 5 kts.; at Jodhpur, direction is WSW, but the speed is less than 3 knots. In 
the chart for 0*3 km., wind at Ahmedabad is from NW and has a speed of 16 knots. 

4. In these charts, S is the position of Sambhar Lake and C is the point 
of the Rann of Cutch nearest to Sambhar. To examine the question of transport 
of salt by wind, let us start with the wind at surface at C (April-morning, 
Fig. 1), and draw the trajectory of air movement, a line drawn following at each 
point the wind obtaining there, showing the direction in which salt from O' would 
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be carried by the wind. The speed in the region traversed is of the order of 3 m.p.h., 
and 80 the salt will bo carried about 72 miles in a single day. The point the salt 
will reach at the end of a single day’s journey is indicated by that it will reach 
after tw<' days’ journey by ( ’ 2 , etc., etc. It will be seen that air which starts from C 
and is carried near the surface will not eventually arrive at the Sambhar region. 
Other points in the Ilann of Cutch are even less favourably situated for transport 
of salt by winds to the Sambhar n‘gion. Conversely, one could start from S and 
trace tlu* source region wind from which (wcntually arrives at Sambhar. Such a 
line ha.s also beam drawn in Fig. 1 (Surface) and the points representing one day’s 
j()urn(‘y, two days’ journey, etc., indicated by the p^>ints Si, 82 ^ 63 , 84 ^, etc. It will be 
H(‘(*n that sea air from near Karaciii (^r the Persian Gulf could reach Sambhar region 
in about t) to 7 days in April ( 8 (‘e also Fig. 2; afternoon winds). At the height of 
0 3 km., wiiul arriv ing at Samldiar in April is originally from Baluchistan, according 
to the moniing winds and either from Baluchistan or west Mekran coast, according 
to the afternoon winds (Figs. 1 and 2). Greater heights are even less favourable. 

5. Lin(‘H lik(‘ 8 , 8 ^, 82 . 8 ^ tracing the source of supply of air to Sambhar, 

. . . and G, G 3 indicating the regions where air from the Rann of Cutch 

goes, havt' betm drawn in the charts for other months wherever it was considered 
they would be helpful. 

<). 3*h(‘ two factors r(‘garding wind which have to be consideri'd are direction 

and force We will consider- direction lirst. From the figures 1-12 it will be seen 
that (jnl\ during May to August (winds for montlis otluu* than those for which 
ligurt‘S ar(‘ giviui have also Imh'U taken into account) and perhaps during part of 
Aj)ril IS th(* \N ind direction favourable for transport of salt by winds from the Arabian 
H<*a to North- Fast Kajymtana and Sambhar Lake region. If wt, howevTr, consider 
traiisjiort of salt from tlie Harm of Cutch to the Sambhar Lake n^gion, the conditions 
are favourabk* only during fluiu* to August at a few of tlie levels during only part 
of till' day. Holland and Christie’s supposition that winds are favourable tor the 
transyiort of salt from tin* Rann of Chiteh to the »Sambhar Lake region during the 
sunum r months of April, May and June the ground being w('t in July and August 
after th(» bri'uk of monsoon in June- do(‘s not app(‘ar to b(‘ boriK' out, except in 
Jun<‘ during morning and at only 0*3 an<l 2 km. levels but not at the surface and 
I km. level. We will now consider the force of wind. We will not considtT here 
whether th<' wind is strong enough to lift up salt and to carry it along. We will 
take it that the wind near the .s<‘a and along the Rami of Cutch is strong enough to 
lift up salt and carry it along and also that thcTO is enough salt dust available in 
the Rann of (iitch in the summer months. From the figures it will be seen that in 
no month is the wind strong enough to carry the salt lifted up in the morning from 
the Rann of CAitch more than half way to Sambhar Lake by the evening. In the 
night two things can happen— ^me is that the salt is carried on during night (when 
the surface w’ind drops to about 2 3 the value during daylight hours, but there is no 
large diminution in winds at 0 3 km. and above) and the other is that the salt is 
dropped in the evening and jiicked up again next morning. If the salt is carried 
on during the) night there is no re'ason as to why it should be dropped in Sambhar 
Lake region more than elsewhere along the route before and beyond the Sambhar 
Lake. During certain months at some levels there is an opposing wind current 
but this is generally to the north of Delhi as shown by thick dotted lines PP in the 
relevant charts. If we jKistulate that the salt is dropped during night and picked 
up again next morning it would imply that the salt is being carri^ in the layer 
below the -3 km. level as there is no appreciable decrease in wind strength at *3 km. 
level and above, and that in this case it is unlikely that the wind-borne salt from the 
Raim of Cutch w'ould reach the Sivmbhar region. Again, even if the salt does reach 
the Sambhar region and is dropped there, it is likely to be picked up again and 
carried away beyond this region, as there is not much difference in wdnd strength 
over the Sambhar and adjoining regions. 
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7. An examination of the figures indicate that the winds are more favourable 
for transport of salt from the sea and Raun of Cuteh to Jawai and Bamia catchments 
And the lakes near Ajmer and in South-East Rejputaim* which all contain fresh 
water, than to the Sambhar Lake region. We liave considered liere the mean wind, 
but the results are not likely to be much difienuit if we take into account winds 
for individual days for a long period. 

8. Again, if the salt in &mbhar region is wind-borne it is likely to l)e distributed 
more or less evenly and since there is not much ditference in rainfall over the n^gion, 
one would expect the chloride content in the water of the diflVront rivt'rs in the 
Sambhar region to be similar, but actually there an' very huge (UlftTciices (mde 
Table on p. 159 of Holland and Christie’s ))aj)er). 

9. It will be seen from the prec('diug paras that it is unlikely that main 
origin of salt in Sambhar Lake and also, a priori in otluT lakes in North llaj{)utana 
is windbome from the Rann of Cutch or even from the Arabian S('a. 

Summary 

Many explanations of the origin of salt in Sambhar Lake have boon given, tbo generally 
acooptod ono being that of Hollan<l and Christie, a<lvanc.ed about 40 yoars ago, that tlio salt is 
borne by wind from the Harm of Cutch durinc the siiminor months. Oodbole has recontly 
objected to the theory. In this note the surfaces and upper winds have boon studied witli a view 
to examine whether the salt in Sambhar Lake coukl have been wind-borne from the Harm ot 
Cutch, and the Arabian Sea. It is found that it is unlikely that tlio salt in Sambhar l..ako and 
also in other lakes in North Hajputana eould have been wind-borne from the Harm of Cutch or 
oven from the Arabian Sea. 
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CONICAL CAVITIES 
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(Received January 5; read March 5, 19o4) 

1. iNTRODtJOnON 

HiRh explosive charges with metal-lincrl cavities (Shaped Charges) were 
extensively used during the last war by armed forces of the major combatants for 
destroying concrete fortifications, bridges, pilllioxes, tanks and other war machines. 
The ilrst fairly comprehensive explanation of this phenomena was published by 
Hirkhoff, MacDougall, Pugh and Taylor (1048). They showed that when a detona- 
tion wave sw^ef^pH from a})ex to base along a conical liner, it collapses the liner into 
a small diarruder jet (known as ‘Munroe’ jet) which shoots forward with a tremendous 
velocity (7 to 12x10^ cm. /sec.). When this high velocity jet impinges upon a 
target, it })roduces ])ressures close to a quarter million atmospheres and the target 
matiu'ial Hows plastically out of the path of the jet. Recently Pugh, Eichelberger 
and Rostoker (1952) extend(‘d the steady-state hydrodynamic theory and explained 
tlie formation of the entire jet (including the ‘after jet’) and the velocity gradient 
in the jet. 

The aim of the present investigation is to study the damage to massive mild 
Ht(‘el targets by explosive (‘barges having (a) copper conical liners of different 
calibres and (/>) copfKT and mild steel liners of different angles. As the penetration 
by high velocity ‘Munroe’ jet is independent of the striking velocity, so the ex- 
iwrirnents were done by hand placing and statically detonating the shaped charges. 

2. CorpKU PoNTCAu Liners of Different Calibres 

Let I) represent the base diameter of the conical liner and bo referred as calibre. 
The unit of length is assurm^d to be ID and otlier parameters, e.g. thickness of conical 
liner (0032 />), cdiarge length (0*9/>) and stand-olf (liZ>) increase pro rata to the 
calibre. ^ 

Conical liners of angle 45^^, thickness 0 0322> and of different calibres were 

machined from rods of copper. The conical liner was soldered at one end of a 

gas pipe. High explosive, which was a mixture of T.N.T. and tetryl (trinitro- 
phenylmethylnitramine) in the ratio of 70 : 30, was cast. A tetryl pellet was 
used as a booster. The lay-out of the equipment for firing is shown in Fig. 1 and 
the relevant information is given in Table 1. 

The plot of penetration P against calibre D (Fig. 2) suggests a linear relation- 
ship, which is as follows : — 

P =: 3-96D-0-29 (1) 

Evans and Ubbelohde (1950) also suggested a linear relationship between penetra- 
tion and calibre (in the range of 1 to 2 in.). The logarithmic plot of penetration 
against entry diameter E (Fig. 3) also suggests the following linear relation 

P ^ 7-96 (2) 
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Table I 


Target damages as a function of calihre. 


Calibre 

(inch) 

D 

Wt. of 
explosives, 
(lb.) 

W 

Mean parametf^rs of hole. 

No. of 
firings. 

Volume 

(c.c.) 

V 

Entry dia. 
(inch) 

E 

I Penetration 
(inch) 

P 

1*38 

0*198 

13*7 

0*58 

6*27 

6 

1-5 

0*258 

14*7 

0*68 

6*67 

6 

20 

0*611 

46*8 

0*85 

7*35 

6 

2*5 

1*193 

99*1 

1*43 

9*69 

5 

30 

2-061 

190*0 

1*68 

L 

11*63 

6 


PENETRATION 
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From the data in Table I, it appears that the relationship V « A'D*, where K is 
some constant, holds approximately. As volume of the hole depends on the 
kinetic energy of the jet, so kinetic energy of jet is also proportional to the cube 
of the calibre. Let 2a represent the original angle of the conical liner, I) the calibre 
and A/) the charge length. The weight of explosive IV’ in the shapixi charge is 
given by the expression 

** ^2 a + 3x\] (3) 

In the exi)eriment8 discussed above, ND is taken as 0 is the cast density of 

the explosive in Ibs./cu.in. (0*057 Ibs./cu.in.). Kq. (3) rediu^s to 

ir = (.1) 

where k = 0 076 lbs. in. *. 


3. Copper and Mild Steel Conical Liners of Different An(;les 

Conical liners of copper and mild steel, calibre 1^ in., thickness 0-044 in. and 
of different angles — 120°, 100°, 80°, 60°, 50°, 40°, 30°, 20° and 15°- were machined 
from rods of the metals. The liners were soldered w ith convenient length of gas 
pipes I in. thickness. High explosive, which was a mixture of T.N.T. and tetryl 
in tlie ratio of 70 : 30, was cast. The charge length (3 in.) and stand-off (2,^, ^ in.) 
were kept constant in all tlie iirings. The lay-out of the e(]ui})ment for firing is 
the same as shown in Fig. 1 and the rehwant information is given in Table II. 


Tafu.k Tf 

Target damages as a faactioa of atigh’ of roniral liner. 


An^le of 
conical 
Jinor. 

(fjog-) 

Copper conical lirn'r. 

Mild HtiMil conical 1 

irier. 

Mean 

penetration. 

(inch) 

Mfjan 
entry dia. 
(inch) 

No. of 
flrin^^H, 

Mean 

pc/ietration. 

(inch) 

Mean 

entry dia. , 
(inch) 

No. of 
firinis^H. 

120 

2-91 

0-44 

6 

2-48 

0-.5r) 

6 

100 

.8-50 

0-38 

6 

314 

0-49 

6 

80 

3-93 

0*42 

6 

3*65 

0-4.5 

6 

60 

4* 16 

0*41 

6 

3 85 

0-43 

n 

50 

4-76 

0-.57 

6 

4- 10 

0-61 

6 

40 

5*27 

0*54 

6 

4*58 

0-71 

6 

SO 

5-. 51 

0*57 

6 

4-73 

0-74 

6 

20 

5*75 

0-60 

6 

5*15 

0-66 

6 

15 

5*13 

Irre^pilar 


4*14 

Trre^jular 

.5 


The data in Table II indicate that (a) as the angle of the conical liner decreases, 
the penetration increases both for copper and mild steel liners. The relation of 
penetration as a function of the angle is shown in Fig. 4. The firing data of 16° 
conical liner is wide spread ; (6) the penetration by copper liner is about 14% more 
than that of mild steel liner of the same angle; and (c) the entry diamet^ by a 
copper liner is about 16% less than that of mild steel liner of the same angle. 
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Fio. 4. Ponetnition versus angle of conical liner. 

o indicates mean penetration with 95% confidence limits. 
X indicates maximum and minimum penetration. 
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Abstract 

An investigation has been made of the damage tn massive mild steel targets by explosive 
charges having (a) copper conical liners of different calibres and (/•) copper and mild steel liners 
of different angles. The penetration and the cali])re are linearly related. The penetration 
increases with the decrease of the angle of the copper ami the mild steel liners. Cop])er liner 
gives more penetration and loss entry diameter than that of mild steel liner. 
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Introduction 

The Arigelescus net of polynoiniaLs [/7„{x)] of degree n in x are defined as 

/7„U) = e^^y (1) 

wliere 

A„{x) = K), «!, a2 ,. a:)” (2) 

Shastri (1040) gave* Home recurreiK'c relations for these polynomials and also their 
relations with well-known functions. In the present paper a Stieltjes integral 
representation of these polynomials has been given and it has been shown that the 
only orthogonal sub-set of this set is the set of confluent hypergeometric poly- 
nomials, the most well known among which is the Laguerre polynomial. Tliis 
problem has also beem treated in a more general form, by Meixner (1934) and 
Shoffer (1939). IMeixner has used the generating function relation and Laplace 
transformation and Shefler has used a property of zero typo polynomials. 1 have, 
however, used the integral repK^sentation for these polynomials as given in the 
present paper. With the help of the integral representation some finite and 
infinite series involving Angclescus polynomials have also been summed. 


I. 8kt of Angelescus Polynomials 


We begin by proving the lemma : 

Tlio set of Angelescus polynomials is given by 


nf ^ J 

whore is the Ikaguerre polynomial of degree 7i in x and P{t) is such that for 

7i = 0, 1, 2, 3, ... . the moment constants [p„] given by 


hn = 


dp{t) exist and 7^: 0 , 


( 4 ) 


Proof: From equation (2) it is obvious that 

A. [ -4 .(a-) 7 _ 

d.v ( n ! ) (n— 1) 1 ’ 
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which shows that the set of polynomials 



belongs to the Appcll set. .It was proveil by Slieffor (1915) that an Appeli poly- 
nomial F„(x) can bo represented as 


if 


Pn{x) = 


(x+ty 


dm 


-r 


// =(), 1, 2,.. 


exist and /iq ^ 0 . 

Without any difficulty we can say that under th(‘ conditions on P(t) as given in 
the lemma 


Pni'^) 


{x+tr 




n ! 


Hence using (1) wo have 


n ! 



H ! 


dm 


] 




dp(t). 


There is no difficulty in differentiating under the integral sign, sint^e the differen- 
tiated integral is uniformly convergent for all finite values of n and x. We got 
therefore 


n ! 




^00 

-00 


f L,{x+t) dm. 



where we have used the well-known Rodrigue’s formula for Laguerre pol 3 momial 8 . 
This establishes our lemma. 
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II. SOMK SERIES INVOLVING AnOBLESOOS POLYNOMIALS 
Result 1. For all finite values of cu 

= {2 VMi+«l W) (01 

n « 0 J ^ 

— 00 

Multiplying both the sides of (3) by —r and interchanging the order of summa- 

72f I 

tion and int(?grati<ui on the right hand side wo get 


if the integral on the right exists. 

Now, from Szego (191)9 ; p. 98) wo have 




Hence 


“nr ri = I { 2Vco(x+t ) } dm 


Result 2. It Io{x) is the Bessel fanotiou of purely imaginary argument 

,y, _ _ <*!(/•+<') 

. V r i2\/u,{:r+t) (y ) f) ( 


n 1 ri 1 


I " \/ u>(x+<) (y ) T) I g" 1 - 


( 6 ) 


whenever tlio integral on the right exists. 

Using (3) we get on interchanging the order of summation and integration, 
whenever it is possible to do so, that 


' I7„(? /) ^ 

f 71 1 n I 


" 00 

dm)\ '^L,(x+t)L„{y+t’)co-a 

— CO V an ^ 




•00 , .. 

dfi,; 

O J -CO 


dm . 


Wherein we have used the Mehlcr’s formula for Laguerre polynomials Szego ( 1 939 ; 
p. 98) 

2 L.w£.(ffl..- = exp J _ (»+y)j^} £. { • 


Now multiplying both the sides by e 


we get the result. 
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Result 3. 


y /7v{x) ^ 
Z, " V 1 

K-O 


^ nn+\(x) 
<ic(x-f- l) !‘ 


We get from (3) that 


>'-0 ^ ' 


% O H 

^Lyix+t) d^[t) 
J - « V «B 0 


(7) 


n + l 

x+< 


K(x-i-i) 

1 {x+0 l,lj3(i) 


* ■/_) 

£L„+i(x+l)d/3(t) 

J -OO 


= — ™ + 

rfa: (7i + 1 ) ! ’ 

Wherein we have used the well-known recurrence relations about Lagiierro 
I)olynomials. 


III. The Orthogonal Sub-set 

It is a well known result that th(^ necessary and siiffieient condition for a 
polynomial P„(x} of degree n in x, to be orthogonal is tliat it should satisfy a 
difference equation of the form 

J\(^) = ( — + Pn-^\(X)+Gj'^n-~2.{X) , . . • . (8) 

wliere c„ are constants independent of x and is negatives 

From (3) it is clear that a particular sub-set of Ang(descus (1938) set of polyno- 
mials can be obtained by jroperly choosing the function ^(t) and that for different 
^{t) we will get different sets of jxdynomials all belonging to the Angeleseus set. 
We will now apply the condition (8) to (3) in order to searoli for what functions P(t) 
do the polynomials n^{x) satisfy the condition of orthogonality and from there wo 
will get the desired orthogonal sub-set. 

Using the expansion of Laguerre polynomials as 



4 
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— r\ i^v 


(^+r)l 


.. ( 10 ) 


wherein wo have HepcraUid the torruB containing x** and from other terms. 
In like manner we may write 




+ (n (n-l}\)\ 


( 11 ) 


Now, if — ^ satisfies (8) wc get on equating the coefficients of a;" and x^'^^ in 
fi I 

the right hand side of (10) and (11) that 


“"“n’ 




( 12 ) 


2n~l+a 


n 


.. ( 13 ) 


where 


a= 

Po’ 


( 14 ) 


and comparing the coefficients of the remaining powers of x on both sides of (8) for 
r =s 0, 1, 2, . . . . , n— 2, we have 
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(»'+f) I 




/'f 

(v+r) ! 


Putting the values of a„ and 6„ in this vve get afk‘r some rearrangenu^nt 
n -2-r 

G. 


t <-'■( 


n^r—z 


V = 0 




^ (vSyi [-“(«-''-‘')-{«^-"(-''+“^>'+‘) + '“ + n -+/-+0 

From the above equation it is quite clear that Cn should be a linear function 
of a in order that the term containing a in the right hand sidc^ may be balanced by 
a eorrcvsponding one on the left hand side. Let us therefore put 

<7'„ = (ae,+d„) , (16) 



e, and d. depending only on n . 
Transposing we get 


n r . . j— 

2 M I _a(tt-r-r)— {w2 — rt(2r+2r+J) + r2+r»/+r+r} 

1^ = 0 ' ' 

— (n—r—v) (n— r— V— 1) (d^+aejl =0 


= 0 

— {w2_,j(2r+2i^4-l)+»'^+^‘'4-r4-»'d-ci!,(w— r— »<) (n— v— r— 1 } J = 0 . . (16) 

It should be noted here that the above equation holds not only for r = 0, 1,2, 
. . . . , n— 2 but also for r = n—l, n. In the first case it gives the relation (14) and 
in the second case it shows that /^o ^ 0. 

The above equations on being solved will give us the values of Now, from 
(4) we see that is always independent of n and we will utilize this fact to show 
that 

d, = — 1 and e, = . (17) 
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Putting r = n— 2 in (16) wc get 

IJio(n-\) r-a(l+ej — (d,+ l):— ^i{— a+{n— 1)}+^2 = 0 

/J2 = — /Jia— •)+/io(«— 1) • • • 

whicfi Hhows that in order that /i 2 bo independent of n, c and d, must satisfy (17). 
Therefore we can write 


M2= = -(a-l)/xi+(a+l)a/to 

With these values of e„ and d„ (16) reduces to 




1 + i'— 1) > (x{n—r + 




»- = 0,l,2 n (18) 

We will now hIiow that the syst(;rri of equations (18) is equivalent to the system 

p, = — (a — n+l)/[i^_^+a(a + l) (w-l);i^_ 2 , .. .. (19) 

for ?i = I, 2, 3, 

if we take = 0. 

Putting n — r = ;) (18) reduces to 

+ e(i'+n— p)l = 0 


/A ^‘v 


vj (,. + /i-;;) ! 


I — {(« + e-/d + (a+l) (;>-v-l)} 


«(/> — >')-l->'(»'+»— 2>) {(>' + «— /)—!) — (I'—p)}] = 0 

V = 0 

+(«—•') (i>— >') («+»'— p)] — 0 

y (- )‘'p ! («+ »)«/v y ( -)-/^..27>! 

2) 1 r ! p) ! (j3 — e— 2) ! (e4- 1) ! (^'+w— p) ! (n— p— 1)! 

F=:U X-/ 


+ 2 


( — ^ flpCCp 

(^-^,--.2)1 (v-fl)! (v-fn— j:>) ! (n— 1)1 


Y (-)*'/>! 

(p — V — 2) ! (v + l) ! 


(^-y-2 ) ! (. + lTr(H-li:i:^| [M.+2-«(‘’+1) («+l)MK+(a-r-l)p,^,] = 0 


• ( 20 ) 


From (20) it is quite evident that if (19) is satisfied (18) will automatically hold. 
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To prove the converse we use the method of induction. *We have already seen 
.that (19) holds for n = 2 and it can easily he verified that it holds for n = 3 also. 

Let us now suppose that it holds for « = 1,2 m. Then putting n = m+1 in 

(20) we get 


M-l 


2 


( — Yp ! { Mi .+2 * W+ (a— I } 

■(7- »' - 2)T(7'+Trr(7+7-7>)'f 


= 0. 


Whence 

because by hypothesis the other term.s reduce to zero. But. this equation is 
obtained by putting n = w + 1 in (19). VVe tlms .s<a'i that if (19) holds for n = ra it 
also holds for n = m+1. Hence it holds for all positive values of w. 


I V. Tun Function )3(<) 

Wo have now to determine the function fi(t) when sat isfies tlie difference 
equation (19). It has to be noted that /S(<) is independent of n. Substituting 
from (4) in (19) we have for » = 1 , 2, . . . . 


-oo 


t"dp{t) = — (a— n+1) 


t"‘'d/l(/) + a(rt+l) (w-l) «’"'di9(<) 


= -(«+i) 1 f-um- 1 Y({^m 


”,72 , 


^ cdm ) 

■“ — 0 


+a(a+l)r<"'Vi9(<)1 -a(a+l) m . 

L -J-OO J ^ro 

Where we have assumed )3(<) to bo absolutely continuous. Taking 


rr-’d)3(f)] = 


0 » = 1 , 2, 3, , 


and we get 


such that 


{<+(a+l)a}^^ + (i+a+1)* = T(t) 


a:*T(x) dx = 0 . 


. (21) 


• ( 22 ) 


. (23) 


Integrating (22) we get 
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This implies the f xistence of the integrals of the form 


J (E+aa+ar^ 

so tlmt we find from (21) that the limits of int(‘gration would be (— aa— a, co), 
aa < r I . 


Let us now di fine 


Ti{t) = ® + ce-‘ (<+aa+ar“-‘ 


and d(!t«;rmino c such t.hafc 


'/\(t)dt = 




= 0. .. (25) 


Again, we hav(‘, when i is an integer > 1 


± 




(i:+r/a + a)' | (x+aoL + oi)'^^~^ 


(.r+f/a + a)‘ T(x) dx 


II 

J J-aa- 


Th(‘ integral vanishing by \ irt\ie of (23) and tlie integrating term vanishing by 
virtiK' of (lM ). 


But we find that the left hand side of (26) is 


Tj{x) I (a 


a + i — 1) (.rd-aa+a)* ^ — (*r+c^a + 


Now putting i = 1 we find with the help of (26) that 


Ti(x) (x+aa + a) dx = 0 ^ 


a) J d;t: = 


xTi{x) (to =5 0 , 


Similarly putting i = 2, 3, 4, in succession we find that 


x^Tiix) dx = 0 
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i.o. 7’i(x) is a function whose moments of all order vanish. Henoe for all practical 
purposes we can neglect the function Ti(t) and write 


dm 

dt 


= A e~* (t+aa+a)“*"^ 


00 > / > — «*— a 


dfiit) 


00 > t >0 


With this value of - ^ ■ wo will find the generating function for Angelescus 
Polynomials to be of the form 

which is of the same form as that of Laguerre polynomials. 
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OliKMN OF li.F. OSCILLATIONS IN A.C. ‘SILENT’ DISCHARGES 
by S. IL Khastoir, F.NJ. and C. M. Siuvastava, Banaras Hindu University 
(Received December 17, 1053 ) read May 7, 1951) 

L Introduction 

It WHH V\’'ar})urg (190ri) who concluded that the discharge current in Siemen’s 
ozoniz(T had (components, the frequencies of which were very high compared to that 
of tlie exciting voltag(c. Accordifig to him, the frequency components were within 
cy(cl(‘s/scc. This was supported by Frasafl (1949) who in liis investigation 
on .loshi KtTeet (hcvisc^d a method in which the higli frequency components w(Te 
picked up by an aerial and measured by means of a suitable detecting device. 
Direct experimental evidence of R.F. osccillations of discrete frequencies set up in 
some gases and vapour under ‘sihutt' eliactrical discharge was later given by Khastgir 
and J^etty (1951!), using ozonizccrs and discharge tubes, fitted with external ‘ sleeve 
(‘lectrodes and (ixcitcul by a suitahhc high voltage of 50 cyeles/sec. The various 
frequ(cn(ci(cs a-pfavinni to corr(‘spond to overtones of an oscillating system. It was 
obs(TV(‘d t hat for a givaui distance between the electrodes, the frequency of these 
os(ciIlations was not d(*p(‘nd(‘nt on the magnitude of the ap})lied voltage. It was also 
ol)S(Tved that for a given apf)lied v^oltage, the frequency was indepemlent of the inter- 
eUactrode distatu'c. FurtluT, it was found that for a given discharge tube, the 
fn‘(|u(uu‘y of the 11. F. oscillations was independent of both applied voltage and 
inter-(d(cctrodi^ distai\(*e, Subsecpiont experiments of Khastgir and Setty (1953) 
showed an inreeasr in the fnHpiency of the H.F. oscillations in a.c. ‘silent’ discharges 
in iodine vapour and hydrogen gas on exposure to visible light. Khastgir and 
Srivast ava (1952) also observ('d a decrease in the frequency of the R.F. oscillations in 
similar discharges in iodine vapour, hydrogen and chlorine gases on exposure to 
tIuMinal radiations. 

The object of the present [)a{)er is to outline a theory as to the origin and nature 
of the R.F. oscillations .s(‘t up in a.c. ‘sile?it’ discharges and to explain the effects 
of light and heat on the fnapieni'y of such oscillations. As the theory is based on 
the streamer mechanism of Loi'b and Meek (1941), as applied to a.c. ‘silent’ dis- 
charges, we shall first mention very brielly the main features, which we have already 
developed (Khastgir and Srivastava, 1953), regarding the nature of the ‘silent’ 
discharge. 

2. Effect of the Intervening Glass Wall in a.c. ‘Silent’ Discharges 

The intervening glass wall in an ozonizer or in a discharge tube fitted with 
external electrodes introduces certain features which are illustrated in fig. 1(a) and 
are enumerated below : — 

(i) A negative surface charge is formed on the inner glass surface (AA) 

opposite to the anode during the half cycle of the applied field. 

(ii) A stationary array of positive ions (GG) is formed very close to the 

negative surface charge on the glass wall, when the applied field is 
ade(|uate for Townsend collisions to take place in the enclosed gas 
or vapour. 

(iii) A gap (GGCC) in the discharge channel is set up between the stationary 

array (GG) of positive ions and the top surface (CC) of the moving 
column. 
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(a; 

Fia. 1(a). A A — Ni'gativo surfaco olwirgo on glass wall. 

CUl Stationary layor of positive ions. 

aacc-oap. 

OC HB— St reainor. 

Fig. l(ft). EI<‘ctronic* oseillation. 


(iv) The streamer formation, as the moving column of positive ions attniets 
to itself neighbouring electron tivahinehes tuul photo ioTtiz(‘fl elet’trons, 
is possiV)le even at a low pressure in tin eletrtric held wliieh has been 
reduced due to the negative charge on the innt^r surface of the inter- 
vening glass wall. 

(v) The lower boundary ((X^) of the gap may be regarded as the tytunl 

cathode. The electrons start from the virtutil etithode and being in 
an adequate field move across the gtij) towards the anod(^ producing 
cumulative ioniztition due to Townsend collisions. Ihe negative 
charge on the glass wall is built up in this mtinniu* during the half- 
cycle of the applied field. 

(vi) When the density of the negative charge on the glass wall attains a 

requisite value, the electron avalanches moving towards the anode 
across the gap are repelled and get mixed up with a large number of 
positive ions which are already produced due to Townsend collisions 
during the passage of the electrons through the gap. 1 his makes 
the gap highly conducting, and the gap gets bridged up. 

(vii) The pulse flashing across, when the gap gets bridged up, has been called 

by us Tovmsend pulse. 


3. Origin of the R.F. Oscillations in a.c. ‘Silent’ Discharges 

When the applied field is such that the negative charge on the glass surfa^ is 
less than the requisite value for the Townsend pulse to pass, the electrons start trom 
the virtual cathode and move across the gap under an acx:derating field towards the 
stationary array of positive ions. After passing through the array of positive ions, 
ihe electrons come under a reUxrding field. In spite of the retarding field, some 
electrons with large velocities reach the glass surface, while others having r^tive y 
small velocities, turn back and move towards the array of positive ions, jyome ot 
these returning electrons pass through this array and come to rest ^mewhere near 
CC to be attracted once again towards the array of positive ions due to the acce- 
lerating field (see fig. 16). Electronic oscillations of radio frequencies may thus 
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be Hct up near the ghiSH surface opposite to the anode in a manner similar to the 
Barkhausen-Kiirz oscillations in a triode. It is evident that these electronic^ 
oscillations are maintained till the density of the negative charge on the glass wall* 
attains the r(?quisite value for the Townsend pulse to pass, when, however, these 
OHcillatioiiH cease and are immediati3ly followed by a Townsend pulse, According 
to this view, therehjre, the R.F. oscillations observed in a. c. ‘silent’ discharges are 
electronic oscillations of the B-K iyj)e and are maintained intermittently, each 
train being followed by a pulse. 


4. Expression for the Frequency (or Wavelength) of the Electronic 
Oscillations in the a.c. ‘Silent’ Discharge 


Consider any point in the discharge channel. The total electric field at that 
point is given by X A 2 where A" is the uniform field due to the applied voltage, 

Aj the (i(d(l due to the negative charge on the glass wall and Xo the field due to 
the staticjnary array of yiositive ions close to the glass wall. It is evident that at 
the stationary layer of yiositive ions, X — X^ = 0 and the entire field is due to the 
positive ionic concentration and is equal to 27rap, where is the density of surface 
charge in the array of tiu) ])ositiv(s ions. In considering the accelerating field within 
the gap, hit us suf)pose that the total electric field at any point at a distance r from 
the virtual cathod(i is repreaentcal by 




( 1 ) 


where A is a constant. Tlu‘n the potential of the positive ionic concentration with 
resjKNit to the virtual cathode is given by 


/(r) dr 


( 2 ) 


wheni I is the length of tlu' gay). The average field across the gap can be written as 

J 

/('■) dr. 

K 

’Ihe average acceleration a(*ting on the electron charge e and mass m moving to- 
wards the array of y)ositive ions is then obtained from 


e 


a. = 


m 


y fir) dr 
0 


( 3 ) 


Tf V is the velocity of the electron when it reaches the layer of positive ions and 
the transit time across the gap then 


V = a iti = 




( 4 ) 


We shall now find the average retarding field across the double layer. Let a, be 
the density of negative charge on the glass wall. Then the field close to it may be 
taken as ina, which is very much larger than the applied field. The field close to 
the layer of positive ions is given by 27T<jp. Assuming here a linear field variation, 
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the average retarding Held is then approximately equal to V(a'„+2a,). The de- 
celeration acting on the electron in this region of retarding Held is then obtained 
from 


— (ij = 7r{a,,+2aJ . J- (6) 

If #2 is the time when the velocity of the electron is reduced to zero, then the 
velocity of the electron at the positiv»' ionic conctaUration is given by 


From (4) and (6) 


V = 7r((7j,-f 2o,) 



^2 


' ' f ' f(r) dr 

, 

»r(CT,,-f 2 (t,) *' 


(«) 


Since the Held 4-na, due to the (iharge on the glass wall is very much greater (lian 
the average field 


A 

I 


f(r) dr 

0 


across the gap, fo 0 , and wo can write fi+f-i U- 

T’he frequency/ of the electronic oscillation is then given by 


/ <=« 


2<i 


Again, since I — we get 


•'-Jl 

Substituting the value of aj from (3), we have 



From (7) and (8) 


,= 1=1 wr h. 

•' 2<i 4i*^\Jm 


(7) 


(«) 


Expressing Fj in volts, the frequency of the electronic oscillation is given by 

/=:^.3xio- 


( 9 ) 


The corresponding wavelength in cms. is obtained from 


Vv, 


.. ( 10 ) 
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This is the well-known Barkhausen-Kurz formula for electronic oscillations 
in a triode with plane electr^xles, when the anode is connected to the cathode, Vg, 
l>eiii^' the grifi voltage and I the distance between the anode and the cathode. 

In tlu? f)r(vscnt case when electronic oscillations are set up in the a.c. ‘silent’ 
dischargcj, both I and may vary within certain limits. A frequency band is 
thus (expected when these oscillations are being built up. The predominant fre- 
quency should, cd* course, correspond to the instant when these oscillations cease 
and the I'ownsend pulse starts. This happens when the electric field attains a 
definitf3 value Aq. 


5. OaF-LENOTH in KKLATION to the potential of the ARRAY OF 

POSITIVE ions 

L( 5 t P 4 . be the velocity of tiio j)ositive ions moving towards the cathode 
through the gap; tluTi 

QC V Vg. 

If now / is the time during which the f)o.sitive ions in the moving column attract 
and capture neighbouring (electron avalanches and photo-ionized electrons forming 
ther(‘by tlu^ highly conducting strcNamer, then the limiting length of the gap is given 
by . /). As ! depends on the positive ionic (concentration and can bo taken as 
sonuc function of tlie (dcctric field A’, the length of the gap may be expressed as 

i = v+.toc\/Vg.<^(j<:) 
or 

*<''■> 

where A is a constant. 

At< the time when the gap geds bridged up and the field AJ attains a certain 
definite value A'.,, it is evident from (11) that the ratio should be taken as 

constant. 


(). Non-dependence oe the Wavelength of the R.F. Oscillations in the 
A.c. ‘Silent’ 1)isohaiu;e on the applied Voltage and the inter- 

Electuode Distance 


In finding the predominant wavelength pf the R.F. oscillations in the a.c. 

‘silent’ discharge, as given by (10), we have to consider the ratio , when 

the applied electric field has a definite value Eq. For a given discharge tube, 
Eq is constant, so that whatever bo the applied voltage and the inter-electrode 
distance, the values of the gap-length I and the potential, F^, of the positive ionic 


concentration must be such that the ratio 


has always the same value. 


explains the constancy of the wavelength of the oscillations observed by us, for a 
given discharge tube, for any applied voltage and inter-electrode distance. 

In considering the particular case, when the magnitude of the applied a.c. 


voltage is kept fixed and the inter-electrode distance varied, we have to note that 
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the applied voltage varies sinusoidally and we are coneemed with only those 
instantaneous values of the applied voltage which give the requisite electric field 
Eq for the different intcr-electrodo distances. In considering the wavelength of 
the electronic oscillations, w^e have to take the values of the poUaitial \\ of the 
positive iomc-concentration corresponding to these ditferent instantaneous values 
of the applied voltage and also the corresponding values of the gap length L Since 

= const., for E = const., it follows that the wavelength of tlu^ electronic 

VYs ^ 

oscillations should be the same for different inter-electrode distances, even when 
the applied voltage is kept constant. This is what has been actually ol)8erved. 

In the other particular case, when the inter-electrode distance is kept constant 
and the applied voltage varied, it can be seen that the wavelength of tlu^ electronic 
oscillations should be independent of tln^ applied volbige. Even though the applied 
voltage is varied, there is a definite vahie of the applied voltag(‘ for which the 
electric field attains the requisite value Eq. For this fixed value of tlie applifHl 
voltage, the potential Vg of the positive ionic concentration must also have a fixed 


value. Further, since — = constant for E = A\)> length I for tlie 

VVj 

particular inter-electrode distance should also bo constant. The wav('-length of 
the oscillations for a given inter-electrode distance should therefoni be the sanu' for 
different applied voltages. This has been substantiated by our experimental 
results. 


7. Effect of Light and Heat on the Frequency of tjik H.F. 

Oscillations 

The effect of light and heat on the frequency (or wavelength) of the 11. F. oscilla- 
tions in a.c. ‘silent’ discharges can be explained in consideration of tin? formula given 
by (9) or (10). When the negative charge on the glass surface is exposcfl to light, there 
is photo-electric emission and these photo-electrons come near tlie array of positive 
ions. Due to closer proximity with the photo-electrons, the attracting field iiuaeases 
resulting in an increase in the positive ionic concentration. This should increase 
the potential Vg of the array of positive ions, so that according to the formula (9) the 
frequency of the electronic oscillations is expected to increase on exfxjsure to light. 
Such photo-increase in the frequency of the R.F. oscillations in a.c. ‘silent’ discharges 
has been actually observed. 

On exposure to thermal radiations, the temperature of the gas or vapour in 
the discharge tube is raised. With the rise of temperature the diffusion of the 
positive ions increases, reducing thereby the concentration of the ])OKitive ions. 
Thus the potential Vg of the stationary array of positive ions is ex])eeted to be 
reduced, causing thereby, according to the formula (9), a decrease in the frequency 
of the electronic oscillations on exposure to thermal radiations. 1diis has bex^^n 
actually observed in our experiments on the effect of heat on the frequency of the 
R.F. oscillations. It is interesting to note that at very liigh temperature when 
there is thermionic emission from the negative charge on tlie glass surface, an 
increase in frequency is expected in the same way as in the case of photo-electric 
emission. Thus when the temperature of the gas or vapour in the discharge tube 
is raised sufficiently, the effect of thermionic emission should increase tlie frequency, 
whereas greater diffusion of the positive ions due to higher temperature should 
decrease the frequency of the electronic oscillations. The decrease of frequency 
due to the latter cause may be counter-balanced to some extent by the increase of 
frequency due to thermionic emission. This may explain the observed fact that 
the decrease of frequency of the R.F. oscillations in a.c. ‘silent’ discharges is not 
as much as is expected at a comparatively high temperature. 



296 rt. R. KHASTGIK & C. M, SRTVASTAVA: ORIGIN OF R.F. OSCILI.ATIONS 


8. Modulation r)F K.F. Oscillations by A.F. Pulses in a.o. ‘Silent’ 

Discharge 

Attention will now bo drawn to the fact that any current pulse during a dis- 
cliargo does not pass at all points on the surface. With regard to the Townsend 
which are preceded hy tlie R.F. electronic oscillations in an a.c. ‘silent’ 
distdiarg(i, it can he said that they juiss at a finite number of points on the glass 
surface. Considering random distribution of these points on the glass surface over 
a finite interval of time, it is evident that the pulses occurring at a number of points 
may occur simultaneously with the R.F. oscillations which are set up prior to the 
pulsi^s, whitrli will occur at other points at some subsequent instant. The R.F. 
oscillations can, tluTcfore, be modulated by the Townsend pulses. Such modulated 
R.F. oscillations are actually detected by the galvanometer in the anode circuit 
of the detector valve of a radio-receiver and also by the loud speaker at the receiver 
output. 


9. Conclusions 

(^)nsidering the streamer mechanism of Loeb and Meek, as applied to the a.c. 
'silent' discharge^ an (^l(‘ctronic theory has been developed in the paper. According 
to this tlujory, the observed R.F. oscillations in the a.c. 'silent’ discharge is regarded 
as trains of ele(!tronic oscillations of tlu^ Rarkhausen-Kiirz type maintained inter- 
mittently, each train being followed by what has been called a Toirmeiid pulse, 
Tlu*> expression for the fre([uen(‘y (or wavehuigth) of the electronic oscillations which 
has the same form as tlie Barkhausen-Kurz formula for electronic oscillations in a 
triode, has been takcai as the basis for explaining the observed non-dependence of 
frcqiiency (or wavidength) of the R.F. oscillations set up in a.c. ‘silent’ discharges 
on tlie inter-electrode distance and the applied voltage. The observed effects of 
light and heat on the freqmuicy (or wavelength) of the R.F. oscillations in a.c. 
'silent’ discharges have also been explaine<l. The statistical consideration of the 
fact that a current pulse during a discharge passes at a number of points distributed 
at random on the glass surface can also (explain the observed modulation of the 
R.F. oscillations by the Townsend pulses. 


Abstract 


An electronic theory of the origin of R.F. oscillations in a.c. ‘silent* discharges is given in 
tho paper. According to Loob and Mock’s streamer theory, when the applied field is a^loquato 
for TowiLsend’s cnmulativ'O ionization, there is a conical distribution of positive ions drifting 
towards the cathotle. In an a.c. ‘silent* discharge, the negative charge formed on the intervening 
gla8.s surface attrtwds tho positive ions of tho conical column and forms a stationary array of 
positive ions close to tho glass surface. A gap is also set up between this stationary layer of 
positive ions and the moving column of positive ions which soon becomes highly conducting 
{)y attracting to itself electron avahwiches and photo-ionised electrons. Tlie gap is subsequently 
bridged up when tho density of the negative charge on the glass surface attains a requisite value 
producing what has been called a Townsend pulse. Before this requisite density is attained, 
the gap exists and electronic oscillations of Barkliausen and Kurz type are set up near the glass 
surface oppovsite to tho anode. These o.scillations are maintained till the gap is bridged up. 
Accordingly wo got oloedronic oscillations which are mamtained intermittently, each train being 
followed by a Townsend pulse. The expre.ssion for the frequency (or wavelength) of tho elec- 
tronic oscillations has been shown to be of the same form as tho Barkliausen-Kurz formula for 
electronic oscillations in a plane triode. 

Tho theory explains tho general features of the R.F. oscillations observed in a.c. ‘silent’ 
discharges. The effects of light and heat on the frequency of the oscillations recently observ^ed 
by Khastgir, Setty and Srivastava are also explained. 
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Introduction 

The CretaceouH Hyntoin of South India exposed in the Trichinopoly district 
comprises (in descending order) the following stages: — 

Niniyur (Danian), 

Ariyalm (Macstrichtian), 

Trichinopoly (Turonian-Senonian), and 
Utatur (Cenomanian). 

Rocks of the Niniyur group comprise fossiliferous limestones and cherts. The 
presence of fossil alg^ie in these rocks was first recognised by L. R. Rao (1931) and 
they were described by Fia (1930). The algae described in this paper are from the 
same horizon and include forms which were either not described previously or 
were insulFiciently described by Pia (Rao and Pia, 1936) in their memoir on the 
Niniyur algae. The present material was collected by Prof. S. R. N. Rao from 
the Mattur and Nattakuli localities. As the rock is of a very compact nature the 
algae had to be studied in thin sections of the rock. 

Genkkic Chahacteus and the Classification of the Genus Neombris 

Diagnostic characU^rs of the genus Neorneris^ according to Pia (1927, p. 82), 
‘Die Kiulen der Aste zweikT Ordniing bildoneine zusammenhangende Rindenschicht. 
Das Sporangium ist birnfbrinig, nieht so kugelig, wie bei Meminella und Lemoinella. 
Es scheint, dass bei d(‘r Gattung Neorneris und vit‘Ileicht bei der ganzen Untertribus 
niemals halbrund geschlossene obere Euden der kalkschale auftreten, sondem dass 
diese stets beiderseits oth n ist.’ 

It is clear fmm the above diagnosis that the genus is characterised by a pyriform 
(birnfdrmig) sporangium, a fact which helps to separate this genus from the allied 
genera Meminella and Lemoinella which possess spherical sporangia. Fritsch 
(1945, p. 391) notes the occurrence of spherical to ovoid gametangia (sporangia) 
also in the living representatives of this genus. 

Fossil Nex>7neris has been treated into two sections Decaisnella Mun-Ch. and 
Vaginopcmi Defrance by Morellet and Morellet (1913, 1939). Decaisnella includes 
these species of the genus Neorneris wliich are found as detached complete rings or 
fragments of rings. In Vaginojrora the rings are found cemented together in the 
form of a tul>e. Pia has, however, treated (1927, p. 82-83) the genus Neorneris into 
three sections, viz. Decaisnella, V aginopora and Larvaria, The genus Larvaria 
Defranco according to liim does not possess characters sufficient to deserve a generic 
status and htw, therefore, been included under Neorneris. 

Geological History of Neombris and its Previous Records in India 

Out of the twenty-three species of fossil Neorneris 22 belong to the Tertiary 
formations and only one, viz. N. cretacea Steinmann (1899, p. 149) is known from the 


VOL. XX—No. 3. 



TH» NINIYITB (DANIAN) BEDS OF THE TRIOHINOPOLY AREA (S. INDIA) 299 


Cenomanian stage of the Cretaceous system. The alga described by Raineri (1922) 
.as N. cretacea undu^ from (Liineburgian flora) Libya has been revised by Pia 
(1936, pp. 4-6) to IHssocladeUa u'lidvlaia^ but several other fragments from the same 
rock have been assigned to Neomeria without speciflc identifications. In India this 
genus has been recorded from the Inter-trappean (Palenotme) beds of Rajahmundry 
(J. Pia, S. R. N. Rao and K. S. Rao, 1937) from where the authors have desoriboii 
four forms a, 6, c and d. 


Neomeris (Decals nella) sp. A. 


(PI. IX, figs. 1 and 7) 

Description. 

Algae from tliis area have been recognised only in thin rock sections. The 
genus (PI. IX, fig. 1) is represented by a broken ring, the section passing somewliat 
obliquely. Since a section passing through the length of a tube ot rings has so fur 
not been obtained and a sporangium with its secondary branches Lies in the same 
plane, the specimen is provisionally referred to the section Decaisnella. 

In one fragment of ri^ng (PI. IX, fig. 1)5 oval sporangia (4 distinctly and one 
indistinctly) are noticeable with a corresponding number of parts l)elongiug to thi^ 
calcified primary branches. That each sporangium hod two lateral branches is 
evident from the sporangium on the extreme left. Branches from the adjamint 
verticil may be noticed owing to the somewhat oblique imture of the section. The 
.sj[>orangia are ovoid (PI. IX, figs. 1 and 7). In Neomeris sp. A. the calcification exUnnls 
to the primary branches which are, therefore, well preserved (cf. N. dumeiosa). 
The most well preserved part of the fragmented ring (PI. IX, fig. 1) shows the two 
laterals (secondary branches) arising out of the primary branch, and surround an 
ovoid sporangium. The sporangia seem to be nearly sessile to sub-sessile. 


Measuremerds. 

Length of the sporangium 

Breadth of the sporangium 

Length of the secondary branch 

Breadth of the secondary branch at the base 

Breadth of the secondary branch at the tij> 


0130 mm. 
0106 mm. 
0‘208 mm. 
0 02 mm. 
0 062 mm. 


Comparison. 

The above description indicates that the specimen belongs to the tribe Neoraereoe 
and warrants comparison with the sub-genus Decaisnella characterised by 2 sterile 
secondary branches and a fertile one, borne on a primary branch, all lying in the 
same plane. 

LemoineUa, Memindla, Larvaria and Neomeris are the forms possessing a single 
sporangium with two sterile secondary laterals on each primary branch arranged 
in verticils. LemoineUa shows a polygonal cross-section of the axial tube bearing 
a spherical sporangium surrounded by two secondary branches. Although the 
shape of the cross-section of the axis of our specimen is not revealed, yet it can be 
distinguished from LemoineUa by the ovoid shape of the sporangium. It is also 
distinguished from Meminella in which the sporangium is spherical and lateral, 
while the two secondary branches lie in the plane of the primary branch extensions. 
The genus Larvaria possesses ovoid sporangia which are placed in a plane different 
from that of the two laterals. 

MontieUa is quite different in having only two secondary branches on each 
primary branch, ^one (upper) which becomes swollen at the distal end forming an 
ovoid sporangium wWch in Neomeris terminates in the primary branch. Our 
specimen cannot be referred to any of the above and its characters indicate that it 
l^longs to Neomeris. 

5 
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N. sp. A, is different from N. cretacea Steimann which possesses distinctly 
stalked and pyriform sporangia. 

The species described from Rajahmundry (Pia et al,, 1937) do not offer any 
similarity with tliis form. Thus the form seems to represent a new species in having 
a decidedly sessile to sub-sessile ovoid sporangia but a specific name has not been 
given in view of the incxjmplete information available at present. 


Neomeris (Vaglaopora) sp. B. 


(PI. IX, figs. 2 and 3) 

Description. 

This species is represented by many fragments representing parts of rings. 
In all cases the segments of rings are seen to j^ossess the characteristic pear-shaped 
8j)orangia (PI. IX, figs. 2 and 3). In one of the best fragments (PI. IX, fig. 2) which 
is cut obliquely there are seen six sporangia represented entirely or in parts. The 
first, second and tliird sporangia counting from the left are well preserved and their 
pyriform sha[)o indicuitcs that the B])ecimen is a Neonieris. Owing to the oblique 
nature of the section the secondary branches of an adjacent ring are also seen. At 
the bases of the first and the third sporangia there are definit(‘ (tines of the two 
secijndary laterals borne by evidently imcalcified branches of the first order. The 
third sporangium shows a secondary branch which approaches on the left side of 
the stalk of the s])orangium very closely so that its attachment could be reasonably 
inferred, while on the right side the secondary branch is n‘presented only by a 
small basal fragmemt. This form does not seem to have had calcified primary 
branches. 


Measurements. 

Length of the sporangium . . . . . . 0165 mm. 

Breadth of the sporangium . . . . . . 0 066- 115 mm. 

Width of the secondary branches . . . . 0 02 mm. 

Compariso7i. 

Neomeris sp. B. shows a great similarity with N. cretacea Steinmanu with 
resix}ct to the size and shape of the sporangia. While describing the sporangia 
Steirunann (1899, p. 150) states, ‘Die birn-oder ktnilenidrmige Ausweitung ist 
0‘ 13-0- 16 mm. lang und bis zu 0*1 mm. dick; die Liinge d(‘s Stiel betragt durclischnit- 
tlich 0 1 mm.' But in N. sp. B., as in N. sp. A., we do not know the external and 
internal diameter of the axial cell and therefore, it is difficult to assign N. sp. B. 
directly to N. cretacea with which it resembles so much. 


Remarks on Acicularia and the Allied Genera of the Family 

Acetabularieae. 

Among the Dasycladaceae. Acetabulariaeae display a highly specialised 
structure. The various genera included in the tribe exhibit an upright main axis 
generally bearing alternate verticils of the sterile and fertile whorls extending 
laterally. A great majority of the forms included in the sections: Acetabuloides 
and Acetabulum, produce only a single fertile whorl at the tip. Acetabularia 
(Section: Acetabuloides) cremilata Lmx. is an exception where the sterile and fertile 
whorls alternate as in the case of Halicoryne Harvey, The most peculiar feature 
of the sub-family is the form of its reproductive bodies which are much elongated 
assuming a digitate (as in some fossil forms) to pod-like shape bearing the roimded 
gametes. Only two of the four living genera, viz. Acetabularia and Acicularia are 
represented by their fossil forms. The genera Chalmasia Solms SkViA Halicoryne 

5B 
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Harvey are living forms without a fossil record while (?) brioporeUa Mun.-Ch., 
And Clypeina Mich, have been recorded only eis fossils. It is interesting to note 
here that the systematic position of the genus Clypeina Mich, is still undecided. 
Pia (1927, p- 68) has put it under the tribe — Dipol|x>reiie and the sub-tribe Macro- 
porellinae while Morellet and Murellet (1913, 1918, 1922, 1939) have included it 
under Acetabularieae. 

A^cctabulavia and AdculaTia are the only two genera of the family Acetabularietie 
which have both living and fossil forms. Acicularia is distinguished fn^m v4cda- 
bularia in having a deposit of lime even in the cavity of tlie sporangium wliich 
results, on disintegration of the fertile verticils, in dissociating into a number of 
calcareous spicules pointed at the proximal and broader at the other (distal) end, 
alBfording a honey-combed structure due to a peculiar arrangement of the calcified 
spore cavities. 

It is very interesting to note that Acicularia was first disc^overed as a fossil 
and later found to be represented by a living species also. Acicularia wiis the 
name given by d’Archiac in 1843 to small longish bodies, jM)inted at one end, broiul 
and emarginate at the other. D'Archiac did not know the exact nature of these 
bodies when he named them and referred them to Bryozoa. The opinion was 
shared by Michelin and Ruess, while Carpenter placed them among the foraminifera. 
It was as late as in 1877 when Munier-Chalmas recognised the radial partition walls 
and their radially disposed habit which led him to remove Acicularia from the animal 
kingdom and place tlumi with the Acetabularieae. Though a plant natun^ had been 
suggested, there was yet no proof to substantiate the proposition till a living sjK?cii*H 
of the genus Acicularia schenckii (Mob) Solms (1895-1901) came to light. 


Diagnosis and Classification of Fossil Acioulaiiias. 

The diagnostic characters of the genus as noted by Morellet’s (1913, p. 31) are 
as follows : — 

‘Spicules calcaires (sporanges), 61argis a une extr6mit(5, isol6s ou associes lat<5r- 
alement, k section circulaire ou aplatie, creus^s la p6riph6rie d’un grand nombre 
de petites cavit^s sph^riques (spores).’ 

The genus Acicularia is divided into two sections Acicularia (seasu-stricto) 
and Briardina Mun-Ch. Acicularia (sensu-stricto) includes spicules in which the 
rounded cavities are generally distributed peripherally round the spicule. In section 
Briardina are included flattened spicules in which the circular cavities are dis- 
tributed along the superior and inferior margins only. 


Geological Histoby and Previous Records of Acioulabia in India. 

Acicularia is represented by a single living form A. schenckii Solms and has 
about 18 fossil species. It makes its fi^t appearance in the Cretaceous. The fossil 
history of the allied genus Acetabularia extends back to Oligocene only. 

In India the genus Acicularia has so far been recorded from Triclunopoly 
(Rao and Pia, 1936) Rajahmundry (Pia, Rao and Rao, 1937) and the Punjab Salt 
Range (Rao and Varma, 1960). 


Acicularia indica sp. nov. 

(PI. IX, figs. 4, 5 and 6) 

Diagnosis, 

Spicules short, stout and club-shaped; about 6 times as long as its maximum 
breadth. Biconvex to lenticular in cross-section and studded with about eight 
rows of gamete cavities. 
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Measurements, 

Length of the spiciile 
Maximum breadth of the spicule 
Breadth at the proximal part 
Gamete cavity 

mostly 

Description, 

Acicularia indica is represented by many sections cutting the spicules crosswise 
and one section passing in an oblique plane exposing the structure of the spicule 
lengthwise and the typical arrangement followed by the calcified spore cavities 
(gamete cavities). 

A spicule of A, indica is seen containing the gamete cavities all round the 
margin (PI. IX, fig. 5). It typically shows a narrow proximal end and rounded, 
ernarginate distal part. The narrow proximal end does not show any trace of a 
corona like part. Some of the gamete cavities, generally rounded, .s(‘em to open 
on the surface of the spicule. The spicules of this species are short, stout and slightly 
curved atttiining a club-shaped structure but not hooked as in A, dyumatsenae. The 
spicules seem to possess about eight rows of spore cavities studded along the 
[)eriphery (PI. XI, fig. 4). 


1 62 mm. 
0 38 mm. 
0 18 mm. 
008-0 12 
0 09 mm. 


Comparisons, 

In assigning this species to Acicularia and not to Terquemella I have been 
guided by the following differences between the two genera noted by Pia (1936, 
p. 25): ‘The c^vlcareous substance contained in the compartments of the disc of 
Acicularia has the form of a spicule or a slender club. TerqtiemeJla is represented 
by calcareous bodies of a similar general structure (and with similar spore cavities), 
but of a spherical, discoid or tuberous form.’ 

For a generic identification wo have obviously to consider Acetabularia, Ter- 
qnemella and Acicularia only. Though Acetabularia and Acicularia both possess 
the typo of spicules we are dealing with, the former possesses calcified gametangia 
with uncalcified cysts. Thus Acetabularia is ruled out simply by the presence of 
the round(*d gamete eavitiivs inside the gamotangium (.spicule). Similar spore 
cavities are present in another genus Terquemella with a spherical, discoid or tuberous 
form. Terquemella is segregated because of the presence of club-shaped spicules, 
a character which directly favours its inclusion among the Acicularias. As explained 
by Pia, Pfender and Termier (1932, p. 14) it is extremely difficult to compare 
accurately the Aciculariao in rock sections with those found in loose material. Also 
one more difficulty arises because the authors of the Tertiary Acicularias have in 
majority of cases, not given the measurements of the gamete cavities. 

As already indicated the gamete cavities are arranged all round the periphery 
and not restricted to the inferior and superior margins only, thereby calling forth 
only tliose species for comparison which belong to the section Acicularia (sensu- 
strieto). The following Tertiary species A, michelini. A, micropora and A, (?) 
davata have been stated to be slightly curved but differ in not having bi-convex 
or lenticular cToss-sections and possess spicules of smaller dimensions as compared 
to A, indica. Moreover, the size of the gamete cavities is not known making a 
comparison more difficult. Another species with elliptical sections is A, persica 
Morellet and Morellet (1939, p. 31-32) which differs in having spicules of much 
greater length with marginate, truncated (slightly rounded) distal ends showing 
no ourvatiure, possessing vaguely distributed gamete cavities measuring OT mm. 
The maximum breadth of the spicules on average is not mentioned but a calculation 
from the photograph indicates the maximiun breadth to be about 0-6 mm. 
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Among the Cretaceous species known so far, only two in number, A. dyutnaisenae 
Pia and A, antiqua Pia are to be considered. Length of the spicules of A . dyxunaJUenae 
‘is stated to be alx)ut 2i times its maximum breadth, with h(H)ked spicules and gamete 
cavities measuring about 05 mm. It is clearly markiHl out from A. indica found 
in the same lock by the shape and size of the spicules and the dimensions of the 
gamete cavities. A . anitgua known from Tripoly (N. Africa) in the form of oblong 
discs, imhooked spicules, length not exceeding twice its bn^adth (breadth 0 33) 
with gamete cavities *04 — 05 mm., is again differtuit from the new form. 

Another Indian Acicularia sp. Iml. is described from Rajahmundry (Pia ei (iL, 
1937, p. 283) as possessing long needle-shaped spicules with their gamete cavities 
about 0*07 mm. in diameter. This speems also does not bear any specific similarity 
with A. indica, I have not been able to collect the daU for A, italica Clorici. which 
could not, therefore, be considered. 


Summary 


From the Cretacoovis (Danian) rocks of the Trichinopoly district Neoymris sp. A. Neomerift 
sp. B. and Acicularia indica sp. nov. have been figured and described. 
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Explanation of Plate IX 

Fig. 1. SfjymfHa «p. A. A ikornowhiit ohliiiue Be<itiori of a fragment of ring showing parte oi 
the calcified priinary branc-ho«, the h>ur HCHsile to sub-sessile ovoid sporangia with secondary 
brafichtjs {Typo SfHiciineii). > 72. 

Fiu. 2. SftmufrriH sp, H. An oblicjue «ectic>n of a fragment of a ring showing six sporangia 
with some secondary branches. (Tyf>e speciinen.) > 72. 

Firt. 3. Nfomen<f sp. H. A nearly vertical section passing through the wall showing the 
stalko<i pear shap^jd sp^)rangia and tiie srjcondary Vjranches. x 72. 

F«o, 4. Acicuutrid indim m[), riov. A tniimv(^rHe section of the spicule indicating about eight 
rows of circular gamete (spore) cavities. > 46. 

Fio. 6. Acif'uUiria imiica sp. nov. A longitudinal .section passing through the entire length 
of a spicule. (Ty|)e specimen). > 45. 

Fig. 6. Ar.icutaria indira sp. nov. An obli(iue!y longitudinal section passing through the 
thickness of a spicule. / 46. 

Fig. 7. Neom^ris sp. A, An oblique secti(»n ^Milling through three adjoining rings. x72. 
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Cantor Bendixon theorem gives an upper limit to the stage at whicli the 
process of repeated derivation* of a set in Euelidi an space stops. The final 
form of the result given by ("an tor (1884) is: For every subset X of a Euclidean 
space there exists an ordinal y [ == y(X)] of the first or second class such that 
the y-th derivative of X, = This note gives a partial extension of 

this theorem for spaces other than Euclidean spaces. The result is based on 
the notion of ‘ intersection character ’ of a space at a point, which is defined 
by AlexandrofF (1924) as the least cardinal number of a family of neighbourhoods 
of the point whose intersection is the point. The intersection character of a 
-space is evidently defined at every point. Also for a Euclidean space the 
intersection character at every point is Nq, so that is a regularf cardinal 
number greater than the intersection character of the spa(‘e at every point. 

( "antor Bendixon theorem implies that for every subset X of a Euclidean space, 
= X(“. i 1) (0,1 being the initial ordinal corresponding to the cardinal NTj, i.e., 
the first ordinal of the class of ordinals each having power Nj). The following 
result will be seen to bo a generalization of this statement. 

If R is a regular space (i.e. a Ti-space in which every neighbourhood of 
any point contains the closure of another neighbourhood of the point) which is 
loailly Incompact at every point and any regular cardinal number greater than the 

intersection character of R at every point, then for every set X d R, + 

If possible let p bo a point of Then p is an isolated 

point of and hence has a neighbourhood U such that U 0 X^^a) -- 

Since R is regular, ?7 3 F. the closure of another neighbourhood V of p. Also 
since R is locally bicompact at p, p has a neighbourhood W such that IF is 
bicompact. Let N/, denote the intersection character of R at p. Then p has 
a set { Uy]y<iOp of neighbourhoods such that 17 Uy = p. Let Vy = Uy H VC) IV, 

y<oip 

Then Vq fl X^^^^ = p and 77 Vy = p. Hence for each of the sets •— Vy (which is 

y<^p _ 

closed since Vy can be taken t^ be open), (Fq— F y) fl X^"a) = 0, and FJ) = 
p U X ( Fq— Vy). Also X^^a) n (Fo — Fy) is the inner limiting set of the decreasing 

y«^p _ 

series of closed sub-sets {(Fq— Fy) 0 of the bicompact space W. 

* For any ordinal p the p-th derivative of X is defined by induction as = n xM 

if j? is a limiting ordinal, and = the derivative of if p in a nonlimiting ordinal — y-f-1. 

fThe initial ordinal < 0 (^ of the class of ordinals each having power is said to be 
regular (Hausdorff, 1908) if every subseries of cofinal with is similar to 
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Thereforo some member of the series is null. i.e. for each y <. wp there exists 
p (y)] < 01 ^ such that ( Vq- Vy) 0 = 0. But since by hypothesis the . 

cardinal number ISp of the sot {y)]y<<ap is less than and each P (y) 
and (jLi^ is a regular initial ordinal, there exists such that each P(y)^P'- 

Hence each ( ^y) ^ ^ = 0, and therefore X^^ ) n Fq = {p U X ( Fq— Vy)} 

y<wp 

n X^^ ^ C jt). Hence p is an isolat^Kl point of X^^ ^ and therefore p is not c 
X^P' ^ which contradicts the hypothesis that p c X^^a\ since P' + l<a)^ (p' 
being and being a limiting ordinal). 

Since a Euclidean space is regular and locally bicompact at all points, 
this clearly implies the result state<l above. The result corresponding to Cantor 
Bendixon theorem for a 7’ j -space will be: If Na is a regular cardinal number 
greater than the intersectif)!! character of the space at every point, then for 
every set X there exists an ordinal y | = y (X)\ <<o^ such that X^^^ = 

The following example shows that this n^sult does not hold in general for all 
regular bieompact Hf)aces. 

Consider the ordered set R consisting of all complexes (Tq, Xj) whore Xq. Xi 
are any numbers in the interval 0<; x <1. onlered so that 

if cither .rotv-.r,)2, or under its order topology (in which 

the opiui sots are all op<m iritervals). The intersection character of every 
point is clearly >1^,, since every point is easily seen to be the limit of a well 
ordered He(|u(uice similar to w as well as an inversely well ordered sequence 
similar to w*. IIhj inverse of oj. But the process of derivation of the set X 
eonstructed below can be seen to stop only at the coi-th stage. 

Sii\oe the set of values of x^ {which is the set of all numbers in (0, 1) ) has 
power >Ni, it is possible to find a subset of this set say, Q, having power Ni. 
which can therefore he well ordered as an series (xqP b“ing = .ro^ 

if and only if jS == P'). For each P<ioi lot Ip denote the interval or R given by 
(i.e.. consisting of all complexes sati.sfving the equation) Xq = x^P ( = constant), 
(oJi being unrestrict< d in the opi n interval (0. 1) ). Then the Ip's form a set of 
disjoint intervals each similar to the open real number interval (0. 1), It has 
been proved by Cantor that in any interval of the real number space corresponding 
to any given ordinal y a sot X" can be found such that X^^^ 7 ^: X'^ ^ for 
all P<y* Hence in each interval a set X^ can bo found such that 

X^^^ ^ ^ y<^- Then if X U Xp. it is clear that since the intervals 

P<<oi 

Ip are disjoint with cvieh other, for every y<a>i, X^^^ 0 /^ = X^^* and hence 
for every y<a>i X^^^ ^ X^^ ^ 

This paper formed part of a thesis submitted for the M.Sc. Degree of the 
Madras University. I wish to thank Dr. R. V'aidyanathaswaray, Dr. M. Venkata- 
raman and Dr. V. 8, Krishnan for their help and guidance. 

Summary 

Tins paper gives n generalization of a well-known result of Cantor and Bendixon to 
Hausdorff bioompaot spaces. 
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RELATION BETWEEN MAXIMUM PRESSURE AND SHOT-START 

PRESSURE 

by S. P. Aggakwal, Defence Science Organization. Ministry of Defence, 

Xetv Delhi 


(Communicated by R. S. Varma, P.N.I.) 

{Received August i, 1953 ; read May 7, 1954) 

1. Introduction 

The main problem of Internal Ballistics is the calculation of Maximum 
Pressure and Muzzle Velocity for given loading conditions in a gun. 

The equations of Internal Ballistics in their general form are such that it is 
not possible to int(‘grato them directly but can be treated by numerical integration 
or by the use of differential analyser. Mr. N. S. Venkatesan (1952) has recently 
given an explicit expression for the relation between the maximum pre^ssure and 
shot-start pressure and has solve^d the equations of Internal Ballistics under the 
assumptions (Corner, 1950) 0 = 0, i.e., the proj)ellant is tubular in shape and 
(Corner, 1951) S = 0, i.e., neglecting the covolume correction for gases. 

The object of this paper is to extend the results of Mr. Venkatesan and obtain 
an explicit expression for the relation between maximum pressure and shot-start 
pressure for all values of 0. We shall assume that H = 0, i.<‘.., the covolume of 
the gases equals the reciprocal of the density of the solid propellant. This is 
generS^lly true except at high densities of loading. 


2. Fundamental Equations 


The four fundamental equations of the Internal Ballistics, in non-dimensional 
parameters, are shown, in standard books, (Corner, 1950 and 1951), to bo 


where 




y-1 


2M 




J/C = r, 


dr) 

dl 


-V 


df 


di 


AD 

, Al 
^ ~ FG^ 


( 1 ) 

( 2 ) 

(3) 

(4) 




A^D^ 

Fp^Cm, 


(Central Ballistic Constant). 
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For /i — 0 the above equations reduce to 


2 = « + 



(I) 


= 






z = (I-/) (H-tlj) 
Tilt' init ial ttunditionH at^ tint Hliot-start are, 


.( 11 ) 

(III) 

(IV) 


^ = I ; T, = 0 ; 5 and S = 'Tf,. 

From ( 1 ) we see tliat z„ = Co dsolf is a mea.sure of shot-start 

pressure. 

From (IT) and (III) we obtain that 



Intepjratiii}' tliis wo j^ot, 

V = (/o-./'h where/ —fo when t; = 0. . . . . (5) 

Also from (IV), Zq -- (1— /o) (l+<yo)> we can express /© in terms of 

and / in terms of z. anti hence from (5), c can bo expros.-sed in terms of tj and Zq. 
Ktiuation (IV) ean be written as; 

= 0 

. • / 20 


and hence /u 

Ht'nce equation (5) becomes. 


(0_l)±v'(^>+l)--4^2o 

19 


n=± 2^ Vl^+I)*— - v/(^+ 1)2-40^ . . 


(6) 


ID 


Now y) = pf^sitive, therefore yj is also positive. 


As t itiereases z inereasi s ; therefore :: > ::o and also the maximum value of z is 
unity. Sinee ri is always positive, we hav'e to choose the positive sign in (6). 
Substituting the value of C from (U) in equation (1) we have. 


or 


di 

i 


— 2? #4- 

Mdi^^ 2M 

— u 


Mz- 


( 7 ) 
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Equation (6) can be written as : 

where » = ^(# + 1)*— 4feo 

Squaring and making some gira})lirication, we have, 

1/z = ^ [ if % + ailr, - 07,2 J , for all values of negative or positive. 

Substitution of this value of Mz in equation (7) gives, 

2 . 1/17 drj 


Hence 

where 


^ 

/ 2Al^Zo + 2ai/7, - (y- 1 M + 20)7,2 
2 Mr) drj 

J "" a^Frj-lfr)^' 


( 8 ) 


d = 2 . 1 / 220 , F = aM, E = (y- I .1/+20) 
Integration of this equation gives, 

/■ 

1 1 F 

^Iog^= -j, log (//+2f’7,-/!,’7,2)-— -- log - +eonstunt 


where K 


\l \E^E^J 


Initially, when ^ = 1, 7 , = 0, ^ -^od z = zq and hence the value of the constant is, 


log (F- 


-A- 


._A 

E 


L-i:+«j 


E*K 


Therefore 


ilog ^ = -i log (0+2Fr,-Er,^)- ^ log— ^ -^+log 

'E 




ir:|z!]- 

L-g+/d 


01 - (0-{-2Frj-Er)^) = G\ 

1_A'— 7 ,+ 
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SubMtituting the value's of (I, F an<l E we have, 

f ’ * {IM % + - {>^1 + 26) Ij2] 

aM 

„ xr ~ 

'K+t} 


-A + 
2M% --- 

_A- 


’? + 


y-LW_+_2e 
ViM 

Y- u 7 + 26 - 


(y -'iM+2«)Ar ^'4 


aJf 


al/ 


f- A + =— 1 

y_ 1,1/4-26 

J 

y— ll/+26“^ 


(y-lAf + 25)jf 


Whore A- = [ 

V i(y-l^W + 26) (y-lil/ + 26)2j 


(V) 


3. Maximum Pressure 
K(juatio!i (8) can bo written as, 

dj] '2 2(1 Mri — (y — I M -{-26)7)^ 

di "" 2Jf^^ 

ITninj' tliia quantity in (H) we havt^, 

^ [2M^Zo + 2aMri^0^1 M +26)7^^] 

^ 2MH '~’'^ ' •• 

Inserting the value of ^ from (V) hen^ we g(‘t, 


_ \2}I^Z^, + 2(lMrj-(y^\JI+29)ri^ 

b — - ■ ■ 


y^lA/4 2^ 


23/- 


where 


and 


uM — 

/i I /' \ y-'i 


1 _ ^ . a.I/ 

A',~ ' y_:i[ ,1/4-20 


A/ __ 
- lAf4-20 


J_ ^ oitf 

A'o "^^1:1^14- 26 


(9) 


(VI) 


dyf 


Now maximum pressure is obtained by eliminating rj between (VI) and 
= 0. Differentiating (9) with respect to -q we get, 


dC -[2Jlf*ro+2a3f7,-(y-lJ/4-26).,2] 1 dA [2aJf-2(y-lJlf4-26)>,] 

d^ ~ 2.1/2 |2 ■ 2ilf2f 

Substituting the value of ™ in = 0 and simplifying, we get, 

aJf , ^ 
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Hence maximum pressure is given by, 

i = 23/^Zo+2aJf^?i-(>^'l3f+2ghi« -VII^ 

1 ■ ■ ■ ■ ' ^ 

where f i is given by (V) by putting ri = 

The fact that is small can be utilised in expanding in powers of giving 
an explicit expression for the relation between maximun pressure and shot-start 
pressure. We get after some simplification : 






M 




z 


r , ,2 { 5.M*(y-l)® f2A/#(y-l)-.2e*)«n 


] 


2(yM+2e)^hJ^'^'^ J 

log6o— 


r M 


Md.^ 


+M~ 


yM + 2e 2yiiif +40(7-1) 




y-lilf+20 y-lJ/+20 (0+l)2(y+Jilf+20) 

i»f{.m2(y_l)2+4J|/^(y_l)_4^2} log 


(0+i)*(y-\M+2e) 


2M\ log ho 
"("y- Ilf +20) (0+1)2 

j \ +20) a'2 M ) 

■^(y-llf+20)U2 (0+1)- 2(7-1lf+20)> 

,SM , ^ (oar yM-\-2$ 2y2 1/+40(y— 1) 

( (^[2 *0 -jjy-^20 ) ‘ y-lM+20 ■ 


+ 


where 


+ ^‘^{y^lM+2e)[y-lM+20) j (0+ 1)2(7+ lir +20)} J 


ylf+20 \/ M \ ( 2y^lf-M0(y-l)_|2-j 




% — and a. = f- 
^ f>Q ^ bo 


.. (VIII) 


Here the constants Oq, Oj and bg stand for the following expressions : — 


21f2(y2+2y-i)-802 

(y+llf+20)2 

{(y2+6y+i)lf2+40(y+3)lf+402) (y—iM+20)^ 
~ 2(0+ l)2(y+Tlf +20)8 


and 


2(0+ 1 )« 
(^llf+20)‘ 
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Wo can tabulate,* in double entry table forms, the values of against 2o 
M, for difTerent values of 6. This is done in the table given below for 0 = 1. 


y 1*24 


Table 

FOB 


d ^ 1 

' M 

I 


i 




2 

1 3 

4 

5 

0-00 

•6531 

•3829 

1 -2929 

•2372 

•1992 

001 

•5025 

•3952 

j -SOOS 

•2613 

•2137 

0-02 

<5700 

i -4050 

I -3165 

•2026 

•2252 

0‘0:i 

•5771 

; -4141 

1 

•3271 

! -2728 

•2357 

1 

0-04 

j *5830 

I 

! 

j -33*; 4 

! -2820 

1 

1 -2457 

0-05 

•5898 

1 

1 Jaoti 

i 

i *3451 

' -2920 

•2554 


The table kIiows that niaxitnurn pn‘ssur(‘ incn ases as the shot-start pressure 
iiK'reases but decr‘sis(^s as M inoreas(\s. 


4. CoVoM/MH (;()HKK<rrioN I(»K MAXIMUM PKKSSUKK 


We can apply the covolimu* corna tiun for maximum pressure for different 
values of M in tlie following manner : 


and 


when' = maximum value of ^ 

C'l = maximum value of ^ for H = 0 

M 


■ . [Corner, 1951] 


A, 


e+},(y~])M 


M ir 

+ 'JL 


M 


e+](y-T)j/ 


+ : 


] 


n == />- 


i\r 




Now we apply this correction to our table for a particular case for which, 
Shot- weight m = 20 lbs. 

Shot trav<’I = 30 959 in. 

Chamber wipaeit y = 82 cub. in. 

Total capacity = 491 cub. in. 

Form eoeflicient ^ = 1 . 

Ballistic size D = 016. 


Propellant data are : 

F « 2010 inch-tons/lb., 
jtf = 108, 
y = 1 24, 



h ss= 26-6 c.in./lb. 
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For the above data 


A = ^ 1 1 0(}(J3 


We know that B is a function of ( \ and also M is a function of C in this particular 
case, 


M where mi = 1 06m+ J 


For this particular case, 


or 

This gives, 


M = - —A whore k = 

C'(10«im+J6')’ 


( '2+318 mC- Z = 0 
M 


-3 i8m+ /(318m)2 + 


In this present case we get the values of H for different values of TIf as given 
below, and graplis have been drawn in this particular case, showing relation 
between M and ( ' ; and also between Ji and ( (.See graphs 1 and 2.) 


M 

1 

2 

3 

4 

5 

0 

7 

8 

9 

10 

C 

•5411 

•2717 

•1814 

•1302 

•1090 

•0908 

•0779 

i 

•0682 

•0606 

•0646 

B 

•0611 

•0288 

•0189 

•0140 

•0112 

•0093 

•0079 

•0069 

•0061 

•0055 


Applying the covolume correction the inoflified table becomes as follows : 


TaBLK for Cl 

(Applying covolume correction) 


y 1-24 


M 

1 

2 

3 

4 

5 

0-00 

•5801 

•3884 

•2949 

•2382 

•1997 

0-01 

•6904 

•4011 

•3086 

•2624 

•2143 

0*02 

•6986 

•4111 

•3188 

•2637 

•2269 

003 

•6063 

•4204 

•3296 

•2741 

•2364 

0-04 

•6133 

•4291 

•3390 

•2839 

•2466 

1 

0-05 

•6201 

•4374 

•3482 

•2934 

•2662 
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(in the particular case) 


5. It is to bo noted that there is a limitation to the value of M. 
Equation (6) can be written for the maximum pressure as, 




From this we get, 

Mzi = ™ 

Since < 1 we must have, 




or 


I 

M-^ 


[ 


JLf 

M^\_ 

M%- 


M^ZQ-^aMrii — drf^ < i. 

a2jif2 eam^ 


1/2 1 

■26)^ J 


< 1 


(YM+ 2 e) {YM+ 2 e) 
or {YM+0)a2 ^{l-Zo){YM+2e)^ 

Substituting the value of a we get, 

{yM+e){(e+i)^-^9zo} < (i-2o)(y^+2e)2 
Simplifying we get, 

(g+l)2 Y (g-1)* 


[ 


ym- 


2(l-Zo)J {l-2o) 4(1 -2^)2 


>0 


:.M> 


\J 


0(O-1)2 (0-1)4 

(l-20) '*'4(1-2 o)'2‘ 


JfnllM/y 

2{i-zo)\r 


55 


6 
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8. P. AOGABWAL: BJBIjIlTION bjbtwbsn maximum 


This gives a lower limit to the value of Jf. For all values of M less than 
tl»is value, the maximum pressure occurs at ‘ all burnt ’ position. 

In particular when ^ = 0 the inequality for M is. 

And when = I , the lower limit for M is given by, 

if >0 

Also in particular when 0 = 0 the results (V), (VI) and (VIII) reduce to the 
following results due to N. S. Venkatesan. 

1 1 


[2Afzo + -2r,~{Y-l)v‘^] = 2M2o 


•A'4 

A' 


1 


I r I K—V-\ 7 

y_l_J I- ' ' y— 1-J 


1 _K(y-i) 


w'horo 






\2Mzo + 2r,-{y-l)r)^Y 


y 

-1 


1 


i 




where 

and 


.. - A- 


y~i 


I;, = ''■+yi-| 


Maximum pn^asuro for this case is given by. 
y 

I y-f I -1 

L2if y"/>„ V J 


)] 


X 1+ 2o ! -If log f>0 - ----- + \ 


+ MHlog ho)^-:)MHY-l) log *0 


2i»fa; log fto 


^ 2a'. 

+2a^Af + —~ 


(y-1)* (y 


y— 1 

-a. / a \ 4 


4Jlfy3 


i)(y+i) 

43f2y6 1 

^(y-l)3(y+l)d 
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.where 

^ 2(y*+2y-l) 

^ (y+1)* ’ 

Oo 

“o=ro 


^ _ (y*+6y+l)(y~i)sjlf 
^ 2(y-fi)3 

a' 


M(y+l) 
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Summary 

Noglocting the covolurae correction and taking any Hhape of the propellant, i.e., any value 
of 6, the equations of the internal ballisticH of a conventional gun are integrated and an explicit 
relation between maximum pressure and shot-start pressure is derived. A double entry table 
is worked out to illustrate the variation of miiximuin pressure with shot -start pressure and the 
central ballistic constant ; and further this table has been modified by applying the covolumo 
correction for maximum pressure. 
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ABSOHKnON SPECTRUM OF S CHLOKO-THIONAPHTHENE 

by K. SiiBKRAMAMURTY, I XJ .1 , Htspjarch Fellow, and P. B. V. Haranath, 

DepartmeMt of Physics, Andhra University, Waliair 

(CorninutiicaR'd by K. R. Rao, F.N.I.) 

(Rc'Cffivtd January 12; read May 7 , PJo4) 

Introduction 

In recent yc^arn there haw been a syatciuatic atiid}^ of the electronic absorption 
8|KM tra of benzi'iie, napht-hah^ne and their derivatives in the re'gion about A 3000 to 
A 2400. In onh r to undcTstand and interpn‘t successfully the sjx^ctra of these 
e<'m{)oufulH, it is <*onsidered beneficial to investigate the electronic sjK^ctra of bicyclic 
comjxjunds containing a tive- me inhered ring and a six-membered ring as these 
fK>88eHH configurations intermediate Ix^tvveen the benzene and the naphthalene 
molecules 

On the th(H)retieaI side, taking imlene as a particular case, the electronic energy 
l(»vels have beeui predicted from calculations applying the approximate valence 
bond or tie* atomic orbital mctho(l and by the antisymmetrizecl molecular orbital 
m(‘thod by V'iswanath (1053) and Rarnamurty (1953). Viswanath (1952) also made 
an ex|Xirimental study of the absorption (»f some molecules of this type, namely, 
indone, indole and tliionaphtheue in the vapour phase. Much information, wliich 
will be of help for a complete interpn'tation of the above spectra, can be obtained 
if the absorption of some suitable derivatives be studied. The present paper 
comprises an ('X[H*rim(‘ntal investigjitioii of the absorption of a ohloro-derivative 
of thionaphthene, 3-(‘hloro-thi(>naphthene, in the vapour ])hase. A preliminary 
rejH)rt was published in (hirrcnt Science (1953). The absor})tion of this molecule 
does not appear to have been studied by any earlier worker. 

Experimental 

The absorption spt'ct rum of 3-chloix)-thionaphthene is photographed on Hilger 
medium (puirtz spectrogra[)h using a quartz to pyrex absorption cell of 40 cm. length, 
A pure specimen of the substance supplied by Light & Co. was redistilled into the 
absorption tul>e in vacuum. The amount of vapour of the substance introduced 
and its pressure was adjusted by varying the temperature of the reservoir con- 
taining the li(pud. For recording the siHH*trum the tcmjx*rature of the container 
was varied in the range —lO ’ C. to UK) ' (\ While working at higher temperatures 
the absorption tube was h(*ati'd to the .same temperature or maintained at a slightly 
higher temperature than that of the container. The windows of the absorption 
column wert^ kept at a slightly higher tenqieratuie than that of the column in order 
to prevent the condensation of the vapour. A Hilger low voltage hydrogen arc 
lamp fed by a stabilized power unit supplied by the manufacturers along with the 
lamp was used as the source of continuous ultraviolet radiation. The spectra 
were recorded on Ilford special rapid photographic plates (2U Sch.). The exposure 
time was about 15 to 20 minutes. 

Description 

The spectrum exti‘uded from A 3tKK) to A 2755. Abi>ut 90 red degraded band 
heads are measured. The reproduction of the spectrum photographed at 30® C. 
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is reproduced in Plate X. Most of the bands are sharp. The* spectrum resembles 
'felosely in general appearance that of tluonaphthene. It presents a typical group 
pattern as in thionaphthene with some overlapping at tlie violet end. But, whereas 
an alternation in the intensity of the eom{K>nent8 of each group was observed in 
thionaphthene, the bands in each group in the ease of 3-chloro-tluonaphthene shows 
a gradual fall in intensity from violet to red. Viewing the si>ectrtmi as a whole, 
there is a rapid fall in intensity of absorption from red to violet unlike the gnulual 
fall observed in the case of thionaphthene. Table 1 records wave numlxT and 
intensity data of all the bands. The intensities are, following the usual practice, 
expressed as v st, st, ni st indicating very strong, strong, medium strong rcsiHH^tively ; 
similarly vw, w, inw. The fourth column gives the (liffer(‘nce from 0, 0 band and 
the last one the assignment of the bands in terms of the characteristic frequencies. 


Table 1 


Wave 

number 

Intensity 

Difference 
from 0, 0 
cm . “ 1 

Assif^nnuMit 

33319 

vvw 

414 


33300 

vvw 

373 

0 2x 188 

333!I0 

vvw 

343 

0 188 - 4x40? 

33424 

vw 

309 

0 188 3x40 

33409 

w 

264 

0 188-2x40 

33r>09 

in 

224 

0 188 40 

33r>45 

rn st 

188 

0 188 

33572 

m st 

161 

0 4x40 

33014 

Hi 

119 

0 3 > 40 

33r)r)4 

st 

78 

0 2^ 40 

33094 

V 8t 

39 

0 - 40 

33728 

v st 

5 


33733 

vv st 

0 

0, 0 

33709 

vw 

36 


33775 

vw 

42 


33802 

vw 

69 


33809 

vw 

76 


33840 

vw 

107 


33872 

vvw 

1.39 

0 } 177 -40 

33877 

vw 

144 


33910 

w 

177 

0 1 177 

33970 

w 

237 


34008 

w 

275 


34051 

w 

318 


34098 

w 

365 


34148 

w 

415 

OH 680-188- 2x40? 

34178 

vvw 

445 


34189 

vvw 

456 

OH 680-188-40 

34200 

vvw 

467 


34222 

vvw 

489 

0-f 680-188 

34256 

vvw 

623 

0-f 680- 4x40 

34266 

vvw 

533 


34294 

vvw 

561 

04-680-3x40 

34301 

vvw 

668 

0 + 763-188? 

34331 

vw 

598 

OH 680-2x40 

34372 

w 

639 

0 + 680-40 

34413 

m st 

680 

0 + 680 

34466 

vvw 

723 

0 + 763-40 

34463 

vw 

730 


34496 

m 

763 

0+763 - 

34543 

ww 

810 


34578 

vvw 

845 

0+1026-188 

34584 

vvw 

851 

0 + 680+177 

34619 

vvw 

886 

0 + 968-2x40 
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Wave 

number 

Inten«ity 

Difierenco 
from 0, 0 
cm,-l 

Assignment 

34060 

vvw 

927 

0 + 968-40 

34K82 

vvw 

949 

O f 763 M 77? 

3461)6 

vvw 

903 


34701 

m 

968 

0 4 008 

34726 

m bd 

993 

0 f 1026 - 40 T 

3475H 

m b^l 

1025 

O f 1025, 04 1213 -188 

34769 

w 

1066 


34834 

w 

UOl 


34806 

vvw 

1133 

0+1213 2.-40 

34875 

w 

1142 


34905 

w 

1172 

0 f 1213 40 

34912 

w 

1179 


34046 

in 

1213 

04 1213 

34965 

w 

1232 


34082 

in 

1 249 

0 11321 2,-40? 

35015 

rn 

1282 

0 1 1321 40 

35047 

in 

1314 


3f>or.4 

rn Ht 

1,321 

0 } 1321 

35088 

w 

1355 


35096 

w 

1363 

0 f 2 ■ 680 

35125 

w 

1 392 


35132 

w 

1399 

0 } 763 -[ 680- 40? 

35 1 59 

W' 

1 426 


35167 

vw 

1434 

0 I 763 ^ 680 ? 

35205 

vw 

1472 


35274 

V w 

1541 


35318 

V V’ w 

1 585 


35350 

vvw 

1417 


35414 

vvw 

1681 


35482 

V vv 

1769 


35564 

\ vv 

1 S3 1 


356 1 5 

V’V vv 

1882 


35640 

vvw 

1907 


35704 

vvw 

1971 


3577S 

V'VW 

2045 

0 i 2 > 1025, 0 r 3 > 680 

35801 

vvw 

2068 


35829 

vv w 

2096 


35904 

vvw 

2171 

0 f- 1213 [ 968 ? 

35955 

V'VVV 

222‘* 


30003 

vvw 

2330 


30131 

V vw 

2398 


30165 

vvw 

2432 

0 [ 2 ^ 1213 

36234 

vvw 

2501 


36287 

V'VW 

2554 



Analysis 

Thionaphthene, of which S-chloro-thionaphthene is a derivative, is a molecule 
containing one six and one five-nienibert‘d rings. It has only two symmetry elements, 
the plane of the molecule and the identity, characteristic of the molecules belonging 
to the Cs group. Tlie spectrum corresponding to the allowed electronic transition 
A'-A' shows conspicuous group arrangements of the bands. These arrangements 
are observed to differ from those found in disubstituted benzenes which also belong 
to the same 83 rmmetry class. This may be explained on the basis of the different 
electronic structures of the two types. How^ever, in general appearance and nature, 
the spectra resemble each other. The spectrum of thionaphthene extends firom 
A 3000 to A 2686. The 0, 0 band is located at v 34060. The bands in the 0, 0 group 
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are almost equispaced and exhibit a distinct alternation in intensity. These are 
analysed assuming a number of difference frequencies. This entire pattern repeats 
itself with the bands at characteristic upper state frequencies to a greater or a 
smaller degree depending upon the intensity of the main head. The following 
prominent frequencies are identified in the up]^r state : — 

672, 736, 936, 1181 and 1331. 

Of these 1331 is weak, whereas the rest are of higher intensity. 936 and 1181 an' 
assigned to C-C ring frequencies. 1331 is suggested to probably reprt\sent a charac- 
teristic vibration of the five-membered ring, since frecpiencies of this order have not 
been identified in the ultraviolet spectra of benzene and its derivatives. No 
frequencies smaller than 672 are reported in this molecule. 

3-chloro tliionaphthene is a derivative obtained by replacing the hydrogen 
atom in position three of the five-membered ring by a chlorine atom ; and has the 
structure 



In spite of this substitution it retains the two symmetry elements, the minimum 
possible in the ease of plane molecules. However, this substitution results in an 
effective reduction in the spectroscopic symmetry character of the molecule. The 
spectrum corresponds to an allowed electronic transition A'-A'. Though the 
spectrum is expcicted to possess th(^ general appearance of those of the mol(*cule8 
belonging to the same symmetry class, it should show the characteristics of an allowed 
transition to a much greater degree than tliionaphthene. The structure of groups 
may be different. The number of frequencies that occur in this spectrum are 
expected to be larger. 

The absorption of 3-chloro-thionaphthene presents a distinct group pattern, 
wliich is most marked in association with the 0, 0 band, and there is some over- 
lapping at the violet end of the spectrum. The intensity of the groups falls very 
rapidly from red to violet end of the spectnim. The most intense group is at the 
red end with the head at v 33733. This head is taken as the 0, 0 band since in an 
allowed case the vibrationless electronic transition should be strong. This is 
accompanied on the red side by a number of almost equispaced bands with a gradual 
fall in intensity of the individual components, as distinct from the alternation in 
intensity observed in thionaphthene. This pattern is also prominent at 

33910, 1 / 34413, 34496, v 34701, 34758, v 34946 and 36054. 

The number of component heads and the intensities of those fall off rapidly towards 
the violet end. The pattern is partially observed in association with the com- 
paratively weaker frequencies. Only two distinct frequencies 40 and 188 could 
be suggested from an analysis of the component heads in the different groups. Of 
these 40 forms long progressions in all the groups. It also occurs as a progression 
superposed on 188. The gradual reduction in intensity of the components lends 
support for assuming only one difference frequency of value 40 to explain the group 
pattern. 188 may be thought of either as a v-v transition or as one of the ground 
state frequencies. Most probably it is the latter since 177 occurs in the upper state 
which may correspond to 188. A confirmation has to be obtained from Baman 
and Infra-red data. 

Taking the head of each group as representing a distinct vibration the following 
upper state frequencies are obtained; 

177, 680, 763, 968, 1026, 1213 and 1321. 
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Of 680 is most intense next to the 0, 0. It forms a progression as can be seen 
from the last column of Table 1. Next in order of intensity are the bands 1321 
and 1213 and 968; 177 has the smallest intensity, the rest of the frequencies fall in 
between. In the absence of any (lata on the ground state frequencies, no assign- 
ment of theses fn^quencies fM>uld be made, though 680 presents the characteristics of 
and probably represents a totally symmetric vibration. 


Comparison with Thionaphthene 


3-chl(jro-thionaphthenc is a molecule in which the substitution is in the five- 
nu^mbered ring. ViVjrations in this ring should be appreciably affected by this 
substitution by the chlorine atom white all the frequencies characUTistic of vibrations 
in th(i six-membered ring may not be influenced. Chlorine is strcuigly electronegative 
as a substituent for hydrogen in C-H and can supply migration electrons into the 
tive-nuunlxuc^d ring direct, modifying the character and magnitude of the vibrations 
of the ty]K^ and those of the ring. A comparison between the vibrational 

fre(|uenei(^8 in both these molecules, should yi(*ld int(‘resting information about the 
nature of the vibrations. They are listed in liable 2. The spectra of the two 
molecules an^ presented in juxta|)osition in the Plate X. The values given for thio- 
miphthenc are those repoited by Viswanath. Excepting 1321 and 1331 the rest 
are slightly and uniformly larger in magnitude and smaller in intensity in the 
substituted molecuh^ than in thioriaphtluuie. This sviggests that these represent 
fr(H(uen(aes whieh are not materially affected by the substitution. The indirect 
oftect of the substituent, j)erhapH inatuf(\sted itsc'lf as a small alteration in magnitude 
and intensity. These arti to be asso(*iated with th(‘ pluuiyl ring. On the other 
hand, 1321 (in 3-Cl-thionaj)hthene) is stnuigtu- than 1331 (in thionaphthene) and 
is, obviously, iriHuonced by tlu> substituti(»n. Th(‘ very small change in magnitude 
suggests that it f)robabIy has rather small eontril)ut ion from the hydrogen atoms. 
It may either be a C~S vibration (common in both moleeules) ora C-C five-membered 
frt'quency. Tht^ occurrence of a vibration of smaller magnitude than 680, viz., 
177 should also be not(‘(l. Thi‘ intensity of the suggested C-C ring frequencies of 
the plu'nyl ring, 936 and llSl, is much rediux'd in the substituted molecule (968, 
1213). The 0, 0 baud is shifted toward tlu* red by 327 cm~b The length and the 
total intensity ol the transition has diminished in the substituted molecule. There 
is a rapid fall in the intensity of tlie bands tr«>)tu red to violet in this as against the 
gradual fall in thionaphthene. 


Table 2 


Thionftptithono 

(Visvvuuatli) 


thionaphthene 
(Present work) 


672 (mst) 

736 (ni St) 
im (st) 

1181 (mst) 
1331 (w) 


177 (vv) 

680 (in st) 
763 (m) 

068 (m) 
1020 (m bd) 
1213 (m) 
1321 (mst) 


A special feature noteworthy in this case is the occurrence of a sequence of 
continuous patches superposed at the violet end. Measurements of the wave- 
lengths could not be made because of the low intensity and diflfuseness. These are 
indicated in Plate X. The estimated wavelength data is given in. Table 3. They 
are almost equi-8pace<i with an average separation of 331 cm-i. The one at 
V 34640 is most intense and lies at the extreme red end of the sequence. It may be 
a separate system of weak intensity. 
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Tablk 3 


Estimated 

wavelength 

Intensity | 

Wave 

number 

Diffprotiio iH^twcion 
two COIlSfH'UtivO 
patches in em.”* 

2886 

St 

34640 

:<3h 

♦2868 

m at 

34979 

321 

2832 

in 

36300 

340 

2805 

w 

36040 

340 

2778 

vw 

35986 

340 

2762 

vw 

36326 



♦ Overlapped by the discrete absorption bands. 


Summary 

The absorption of 3-CI-thit>nap<hthone, a derivative of thionaphthane in the region A 3000 
to A 2765 is investigated. About 90 red degraded bands are nuMisurod. An analysis of these 
bands is presented using the following upper state frecjiieneies 177, 080, 703, 908, 1026, 1213, 
1321. The lissignment of certain frequencies have been discussed taking into consideration the 
possible effect of substitution of the Cl atom on the vibrations. 1321 may be a C— 8 or C -C five- 
raombered ring frequency. The 0,0 band is shifted towards red by 327 cm.^^ from that of 
thionaphtheno. Estimated wavelengths of the sequence of diffuse patches which occur super- 
posed on this system at the violet end are listed. 
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ON POLAR RECIPROCAL CONVEX DOMAINS 


Addendum 

by ll. P, liAMiJAH, Institute for Advamytd Stiuiy^ Princeton^ N.J.^ U.S.A.^ and Punjab 

University College, lloshiarpur. 

(Communicated by H. Gupta, F.N.l.) 

{Received March 12, 1954) 

1 IaH; k and K be two plane Hymmetrical (convex domains centred at the 
origin (), that are ])olar n;ci[)r(j(‘jil to each other with respect to the unit circle 
centred at O In a recent note’*' [ 1954] the author proved the best possible 
inequalities 

'rhe object of this addendum is to add the companion inequalities 

21ji^c(k)c(K) '^9, (1) 

which are also best possible. 

Throiighout this note we use the notation of PROD. 

2. If // is a symmetrical convex hexagon with vertices Pj, Po, P3, — Pj, 
— /*2, — P3, occurring in that order, then the triangle PiP^’—Po has area 
a{l\P^-- PA “ triangle with area a(T)y then the hexagon 

formed by taking the convex (‘over of T and —7’ (the image of T in ()) has area at 
least 2a{T). From tlu‘.s(5 observations one easily (‘oncludes that in the notation 
of PRCl) 

c{k) = h^{k) = 2t(lc), c(K) - A (A) = 2/(A'), . , . . (2) 

where t{k) and t{K) denob^ the areas of the biggest triangles inscribe<l in k and K 
respectively. 

W^o next prove the following lemma, which is a particular case of one due to 
Mahler, valid in n dimensions : 

Lkmma : If T is a triangle containing 0 and T' is its polar reciprocal, then 

a(T)a(r) ^2114, 


Lot the vertices P, Q, R of P occur in the counter-clockwise order and let 
their co-ordinates be (xi,yi), U‘3>//3) respectively. Since 0 lies inside 

Ty there exist positive numbers rj, { such that 

+ + = 0 , 

= 0, 

so that, for some real number p, we have 

^ = pi^zy^-^^yt)* V = p{^tyi-’^m)y and j 


♦ We refer to this Noto as PRCD. 
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By straight-forward calculations one easily obtains 

and 

«(n - hp{^+v+cmvi 

so that 

a(T) a(r) = + ^ 27/4. 

Now suppose t is a triangle inscribed in K with area a(t) = t{K). Then, since i 
is maximal and K is convex it is easy to see that the lines through the vortices 
of t parallel to opposite sides are tac lines of so that K is contained in T, the 
triangle formed by these lines. Clearly 

a(T) = 4a(t) = 4t(K). 

Since K contains O in the interior, so alsf) does T. Consequently if i' denotes 
the polar reciprocal of T, then 

a(T) a(t') ^ 27/4. 

Also t' lies in k. Therefore 


c(k) = 2^(Jfc) 2a(t'), 

and 

c(K) c(k) = U{K) i{k) ^ 4(i{i) a(t') == a{T) a(t') ^ 27/4 (3) 

Next suppose H is a hexagon inscribed in K with a(ll) = hs(K), Then //', its 
polar reciprocal, contains k, so that 

c(k) ^ a(ifc) ^ «(//'), 

and 

c(K) c(k) ^ a(FI) a{ir) ^9, (4) 

the list inequality follows from inequalities A of Mahler [1948], Inequalities (3) 
and (4) prove (1). 

If k is a regular hexagon inscribed in the unit circle and K its polar reciprocal 

then 

C(k) = c(K) = 2^3, and c{k) c(K) = 9 (6) 

On the other hand, if fc, and so also K, is the unit circle, then 
c(k) = c{K) = and c(k) c(K) = 27/4, 
which together with (5) shows that inequalities (1) are best possible. 
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rNSTABILITY OF NON- RADIAL OSCILLATIONS OF CENTRALLY 

CONDENSED STARS 

hy R. {). Khare, Resmrch Scfu)lar, MathermticJi Department, 

IJyiwersity of Allahabad 

(CV)rnmunieatcd by A. C. Banerji, F.N.I.) 

(Received June 12, 1953; read May 7, 1954) 

1. Introdctctton 

(Jonorally in theoretical disennHions of stellar pulsation, non-radial modes of 
oHcillationH are left out, witli the justilieation that those inodes are likely to be 
asHoeiated with a greater amount of viseons dampin^^ than in purely radial oscilla- 
tions. Hut it is |:>iauHihle to arjjjiie, that in the lowest modes of non-radial oscillations 
tlie viscous dam[ung is not likely to exi^eerl by a great deal the damping in radial 
os(allations. Also we must take into account tlie eireumstan(*e that, whatever 
external disturhanec's may (vxist, they will always be of a non-radial character. A 
[xjint of great consequen<M* is, as pointed (Hit by Rosseland, that a limitation to 
pur(;ly radial oscillations fails to reveal the ])ossihle instability of the assumed 
moclel for a more general type of divSturbancc!. If there is any mode of oscillation 
for which th(^ assumed model is unstable, tben the possibility of the existence of 
a star built on that model is nil; and therefore tlu^ periods of ])urely radial oscillations 
of the model (’an have no application to the actual stars. An investigation of 
non-radial oscillations should tluis lead to an elimination of a large class of oscillating 
sUdlar models. 

The Eulerian e(| nations which govern the small adiabatic oscillations of non- 
rotating stars were first derived by Hosseland (19:52) in connection with his in- 
vestigation of the ellect of non-adiabatic proeCvSvses on the stability of stars. The 
oscillations are found to be goveriuxl by an ordinary differential ecpiation of the 
fourth order, tlie explicit form of which was eventually obtoined by Pekeris (1938). 
Nothing is known, however, about the solutions of this equation beyond the simplest 
04180 of an initially homogenc’ous sphere, for which an instability with rovspect to all 
non-radial (oscillations was establislied by Pekeris. 

In order to sinqilify the problem and gain some insight into the nature of its 
characteristic frccpiemy spectrum. Emden (1907) conceived the idea of ignoring 
the effect of the displacement upon the gravitational potential in the outer parts 
of a centrally condensed (’ontiguration —a simplification which reduces the order 
of the governing differential equation from fourth to second. His w ork w as, however, 
vitiated by inconsistent approximations made in considering the equation of con- 
tinuity which he reduced in fact to the form appn^priate to a homogeneous in- 
compressible fluid. The correct formulation of a problem so simplified was later 
given by Cowling (1942). We shall utilise Emden s device in deducing the equations 
of the problem. 


2. Equations of Motion. 

Consider the oscillations of a gas sphere under the influence of its own gravity, 
the oscillations being so small that squares of amplitudes of the displacements and 
their derivatives can be ignored in comparison with their first powers. In setting 
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up the equations of motions, we shall neglect viscous forces *and assume that the 
motion of any individual gas particle takes place adiabatieally. 

Let the pressure P, density p, and gravitational potential V at any point be 
altered by SP, 8p and S V re^j)eetively, and let the vector displacement of material 
from its equilibrium position be %, Then written within the scope of our approxi- 
mations, the Eulerian equations of motion can be written as follows: — 

dV) 

P ^.7 +grad8P + SP grad F + p grad 8F = 0 .. (1) 


where t denotes the time, and the equation of continuity becomes 

8p + div {p%) =3 0 


( 2 ) 


Assuming the motion to be simple harmonic we shall seek such solutions of the 
foregoing system of equations for which 


3*4 

dv^ 


-|-a4 == 0 


( 3 ) 


where or = — , r being the period of the respective oscillation. 

T 

Equations (1) and (2) represent a simultaneous system of the fourth order, 
the solution of which preseuits, in any case, a problem of great mathematical com- 
plexity. In order to simplify it to some extent we follow Emden (1907), Uosseland 
(1932) and Cowling (1942) and ignore the variation of the gravitational potential on 
the left side of equation (1). Since in the Roche Model nearly the whole mass is 
concentrated at its centre, the variation in density accompanying the oscillations 
will produce but minor variations in the gravitational potential through the interior of 
the star. The neglect of the variation in gra,vitational potential will not, therefore, 
affect in any appreciable manner the characteristic features of our problem. Or) 
the other hand, the advantage of such a neglect is the reduction of our mathematical 
problem to the solution of a single differential equation of the second order. 

The fundamental equations are ultimately reducible to the following as in 
Kopal (1949) : — 


dr 

dr c'^ 


c2 


g y O'O'+i) __ 
■ c2 ^ “ I a2 



( 4 ) 

( 5 ) 


where 


{ = r^ar 
7) = 8P 
g = gravity 
p 

z=z y — where y = ratio of specific heats 
P 

j = order of surface harmonic 
<7 = frequency of oscillation. 

The boundary conditions of the problem call for a node (no displacement) at 
the centre and ^ loop (no variation in pressure) at the free surface of the oscillating 
configuration, i.e. they require that 8r = 0 at r = 0, while 8P =: 0 at a value oi 
fj, for which p{r^) = 0. These conditions can be satisfied only for particular values 
of a. 
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We first eliminate jj between (4) and (6). Put 

p — f^dr 
= r2f 

where $ is the amplitude of oscillations and r = Rx where B is the radius of the star. 
Elimination of 5 gives 


= 0 


( 6 ) 


where 


L C2 J /) 

Where it = 


(7) 

( 8 ) 


.1' 


d.I 

dr 


We now apply equation (fi) to the Roche model. Lot M denote practically 
the whole mass of the star u hic;h is concentratetl ut its centre. 


Then 

whore G is the gravitatuaial ( oiistant. 


_ UM _ /X 


p = Pox 


-'I 


(9) 


(10) 


Therefore 


r'" -t<iM 

J , Ri ' 


x~'^d(Rx) 


Hence 




GSIp^ 

3Rj-3 

yp 


(1-X3) 


( 11 ) 


where 


yi^M * 

n ss ! 

3 


( 12 ) 


Substitution of these values reduces (6) after simplification to 
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where 


where 


P == P6a:5+p8x8+pjia-”+i)i4xi* 
Q =g'4X< + (77X7 + 9,oXlO+?,3Xl3 

'S = «0+88**+<*fl*®4-Ag^®+Sl8«‘* 


i>6 = P^kct 

Ps = 

Pii = 3i?*jfca+2ii6 

Pi4 = —R^koL—R^ 
qt = 2a.kR^ 
qj = — 6aiR*+^* 
qio = 6aJfciJ3 + i?« 

<713 = -2aM3_27?o 
.vq = 2iJiot.k'^—k'^p^ 




k^a^aL’—yJc—2cLk 


— + 2i;2^2 




■s'o = 6^i:‘^a-)fcV'2 + *3(^6Jta-/iA; + 3A-2aa-- - J 

+iZ«(|8- ^^+2Jta2^ 

,s^g = — 2 /xA2(x4.jB 3(— 0^<x + 2/xi— Sfc'^aa^) 

+ ««^-10+-~ -4jfca2^+/?»^- 

.si2 = jf?3(2jfca+^;2a(r2) + i7«(2+2Aa2) + ~ • «» 

3. SOUTTION OF THE DIFFERENTIAL EQUATION 


The equation to be solved is 


P can be put in the form 

-R^x*(x^-\)Hpx»-\) where )S» = 1+^ 

Q can be put in the form 

-^3x6(x3 - l)[2aife(l -x3)2+J?3a;8(l +2x3)] 

S can be put in the form 

-(X3-1) j^{2fMcifc2-jk2/x2} 

-x3 j 4fik^oL-k^p^-,^^+k^a^<tR»+pkR^+2akR» [ 

+x« j2/ijfc2a+4iaiZ3-2,ij!;iZ8+2jt:2a2oLB3+8/?«- ^ • R<^ -{■2ka^R«^ 


+x» j -2ka^R^-2R^-k^<Mm^-^B»-2kaJtK 
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Oil cancelling throughout — (a;®— 1), it is easily seen that there are three sin- 
gularities 


(i) at X = 0 , 

(ii) at X = 1 , 


and (iii) at x = 2 > between the centre and the surface of the star. 

P 


Also X = 0 is an irregular singularity and therefore a series solution in ascending 
positive powiTs is not possible. Further, due to the singularity in between the 
centre and the surface of the star the problem seems intractable in its present form. 


4. Solution of the Problem in the case for which y = 1-6 

VVe, therefore, consider a restricted [iroblern. We .seek a solution for the 
ease in which the constant term in .S' disappears and therefore the origin becomes 
a regular singularity. 

This condition gives : — 

2paJfc2-/fc->2 = 0 


or 

II 



OI* 

2y = OM 

or 

II 


With this value of y, the dilfenaitial equation reduces to 

p'r+(^T+^''^ = <> (16) 

where 

/*' = «:‘.r-(.f8-l)(/3:'.ri-l) 

(/ = /i’8.r[2al-i 1 R-Kr^( \ 4. 2x8)] 

.S' = [-( k ^ a^OLm + U ^ OL ^)] 

+ x8(4lt2a2 + 2/(’8/fc2aff2 + i?«2lfca2) 

-x«(2«U-a+ -f 2«o -f 2 «''A:( 72 )] 


The regular singularities are x = 0, x = 1, x = 


1 

P ■ 


I 


1 , tlierefore there in a singularity within the star between the 


centre and the surface. 

We first determine the nature of this singularity. If it turns out to be an 
apparent singularity, we sliall try to terniinak^ the series solution after a finite 
number of terms, so that the question of its becoming divergent at x = 1 does 
not arise. 


5. Determination of the Nature of the Singularity, at x = 
The diff. eqn. (16) can be put in the form 

I'+pf' = 6 where P', Q', S' are given in the last section. 
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Now if the eqn. be of the form 


u>'+ 


Pi(z) 

(z-a) 


w' 


Qi(2) 

(z-a)‘ 


w 


0 . 


where Pi(z), Qi{z) are holomorphic functions at z = a, then the first condition 
(Forsyth, 1902) (3) for the singularity z = a to be apparent is that Pi(a) must be 
a negative integer greater than zero numerically. 

In our case Pi(x) is given by 


2«k(l-x3)+ mxH 1 + 2.c») 

/3 x{xi— l) \p-^x^^+px+ 1 )“ 

<?-*) 

Since = 1+ we get after some simplification 

P. (i) = -ia. 

The first condition is, therefore, satisfied if (koL) is a positive integer greater 
than zero. We shall see presently that the assumption of this condition leads to 
the fulfilment of the next condition. 

The second condition (Forsyth, 1902) (3) to be satisfied is that the roots of the 
indicial eqn. are unequal positive integers. 

In our case the indicial eqn. is 


Therefore P 


■ 0 ) 


p(p-l)4 




p == 0 


or on simplification 
or 


/>(/)— = 0 
p = 0 or (1 + ia) 


The roots are unequal positive integers provided (ia) is a positive integer. Hence 
if the first condition is satisfied, we find that the second condition is also satisfied. 

We may assign any convenient value to (ia) only that it should be a positive 
integer greater than zero. Wo shall choose it to suit the third and the last 
condition for the singularity to be apparent. 

With the notation in Forsyth (4), we have 

foip)—plp—i—k») 

so that po — (1 +^). = 1, Pi “ 0 ; 

We thus have to consider A„(/>) for p = pi = 0 ; v = po—pi = 1 

But 

/x_ *(i+*a)(p)— ?o(p) 

(7(x+*a)W -/o(p+l)/o(p+2) . . . Up+l+ka) 


7 
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Now 

00 

(fvip) = coefficient of *' in ^ 
which is the solution of the diff. eqn. 

Evidently therefore for p -ss 0, (pi) is either a constant or zero. 

9oipi) a 4 is a constant or zero. 

Therefore = .4/o{pi + l) /^(pj + l + fca) 

Now /o(p+l + *a) == (p+l + A:a).p , 

therefore ^(i+Aa)(pi) (Pi+ l)(pi"~^a)(pi + 2)(pi + 1 ““^a) • • * -PiCpi+l+^a) 

Hence A(i^.^a)(pi) = 0 for pi = 0 

This is the third condition which is satisfied if (koi) is a positive integer greater than 
zero. 

We, therefore, conclude that the singularity at :c = ^ is apparent provided 
(A:a) is a positive integer greater than zero 

fi. SoLUTIO^J OF THE DIFFERENTIAL EQUATION (16) 

Wo now proceed to construct a scries solution of the eqn. (16) about the origin 
which is a regular singularity, under the assumption that (ka) is a positive integer. 
Substitute in the eqn. (16) 

i ^ ^P + 3n 

f — X . ^ 

n -- 0 

The indicial equation is given by 

p2+M2at-l)-^A-2a2a-l-i^f) =0 (17) 

Or p=k [-(2<a- 1)± j (2A-a- 1)^+4 j*J 

Now (A-a) being a positive integer (1 —2A*a) is negative. 

Also the expression under the radical sign is greater than (2A'a — 1) as is easily seen. 
Hence the root with negative sign before the radical is negative wliich we reject, 
for we want a series in ascending positive powers of only. 

We therefore take 

P = i[-(2*«-l)+{(2ia-l)2+4^i2(72a+i~)|‘] =Po. 

OO 

Hence ^ =s is the solution. 

« 0 

7. Convergence of the series. 

We next test the convergence of the series 

f = 2 ay®''®" 

n * 0 
7B 



OF OBMTRALLT CONDENSED STARS 


333 


The recurrence formula is found to be 
o. [^(p+3n)(p+3n- l)^8^s+ (p4.3n)^S(2/ta+2^;») 

-(2ifca/?3+^-5«a2/?s+2/2«+2i?«jtff*+ — i?») 

a 

+«.+,[(P+3n+3)(p+3n+2)JJ8(-l-j3»)+(p+3n+3)f?3(_4Jta+i?8) 

+ (4 jfc^a* + 2fl3/fc W + ] 

+“»+2[(/’+3n+6)(p+3w+6)i28+(p+3»+6)JJ3 . 2ifca-{i:Va/?3+4Fa2)] 

=0 . . . . (18) 


Put N,. 

dn-^l 

Retaining only the highest power of n in (18), we get after dividing by , 




nf 1 


= i+^3_# 


N„ 


.. (19) 


The difference formula (19) gives 

(i“i^o) =*+••• -+ 18 *)+' 

(l-^J(/33«-3+....+/33)+l 
Lt N„ = p 


N, 


Therefore 


= ■+£» 


Hence the series ^ is divergent on the surface of the star. We therefore 


« = 0 


try to terminate the series after a finite number of terms. 
Put 

koi = 0 , 

ka^ = j(j + l) = m (a positive integer). 


Then 


p2-}-p(2fl— 1) 



= 0 


(E) 


is the indicial equation. 

In order that the series may terminate, the coefficients of and in eqn. (18) 
must vanish for some finite positive integral value of n. 

Coefficient of a„ equated to zero gives 


(/>-f'37i')(/)-f*37i— ' 1) d 



+ (p+3n)d(2e+2d) 






(F) 
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Coefficient of a„+i equated to zero gives 

(p-f 3n+3) (p+3n.f 2) d ^-2- +(p+3n-f 3) d (~4(?+d)+(40*+2»ki^+2wui*) 

= 0 .. .. (H) 

Our object is to evaluate 0 with the help of (E), (F) and (H) and to see if these 
equations are compatible with our assumption that 0 ss kx is & positive integer 

greater than zero, so that x = 5 becomes an apparent singularity. 

P 

Simplification with the help of (E) reduces (P) and (H) to the forms 

md^—d {6np-f 3n(3w— l)-f (6n— 2)0} — 4tf* = 0 .. .. (Fj) 

+d[-r2p-36n-12-2O0]-f-402 = 0 (Hj) 

Equating the cfxjfficient of and d in these equations, we get 

(-12p-36n-12-20g) 

^ [— 6np— •3n{3n— 1) — (6n— 2)0] 


From these equations wo obtain 

/ 6n 6 \ 9n* 16n 6 

V'T" 0 + 7 T — 7 - +3n— ^+3 = 0 

and 

(-12p-367i-12-20fl) = 6np+37i(3n-l) + (6n-2)0 

These reduce to 

(^_2M-2)p-(3a2+5n+2)+3(n+l)ff = 0 
(bw-f- i2)p-i“3/i(3W'-f*ll)"f’ = 0 

Elimination of p between these two equations gives the following equation in 
0 alone 

^(2/i+6)+e(5yi2+13;i+4)+{2n+4)(3n«+5n+2) = 0 

Since all the coefficients are positive numbers, there is no positive root of the equation. 
Hence if (F) and (H) held then 0 cannot be a positive integer. 

Therefore, if x = ^ is an apparent singularity, so that 0 = A;a = a positive integer 
P 

greater than zero, (F) and (H) cannot hold with the consequence that the series 
cannot be made to terminate after a finite number of terms. 

Hence the series diverges on the surface of the star and gives an infinite amplitude 
of oscillation there. 

We therefore, conclude that under the conditions imposed, the non-radial 
oscillations are unstable and the star in question will throw out expanding gaseous 
material in case some such oscillations set in. 
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8. CONCLirSION 

Spectroscopic observations have revealed several expanding nebulae. The 
Crab 'Nebula is still expanding at the rate of about 800 miles per second. If this 
expansion is due to the explosion of a super-nova, then that phenomena must have 
occurred about 900 years ago. Indeed a new star in that position was recorded in 
1054 A.D. by Chinese observers. The Filamentary Nebula in the constellation 
shows an expansion with an angular velocity of 0*06 second per year, 
so that the expansion must have begun about 1(K),000 yrs. ago. But there was no 
astronomer then to record the appearance of a new star. The expanding nature of 
these nebulae is surmised by some astronomers to be the result of nova-explosion 
in the remote past. But nothing can be said with complete c<>rtainty. It has 
also been suggested that the planetary nebulae are the results of Novoo-explosion, 
but there are good reasons for doubting this theory. The number of Planetary 
Nebuhie is comparatively small, whereas the Nova-explosions are much too frequent. 

The investigation carried out in the present paper suggests that if somehow 
non-radial oscillations are set in in centrally condensed stars consisting of gas, the 
ratio of whose specific heats is 1*5, the oscillations tend to become unstable.* 
Consequently the star will throw out columns or shells of expanding gas with 
considerable velocity. 

On the strength of the result of the present investigation and that of Pekeris 
it is suggested that the expanding nebulae may have their origin in the unstable 
non-radial oscillations in stars which are either centrally condensed or homogeneous. 
These oscillations may have originated due to some internal disturbance in the 
star or due to the disturbance caused by the nearby passage of another star. 

My respectful thanks are due to Professor A. C. Banerji, Vice-Chancellor, 
University of Allahabad and Professor N. R. Sen, Head of the Department of Applied 
Mathematics, Calcutta University, for their kind help and encouragement during 
tlie preparation of this paper. 

Summary 

The difTerontial equations governing small non-radial adiabatic oscillations of gaseous 
spheres are derived correctly to the order of accuracy to which changes in the gravitational 
potential produced by such oscillations can be ignored. They are then applied to the Roche 
Model in which practically the whole mass is concentrated at the centre and in the surrounding 
atmosphere density varies os the inverse square of the distance from the centre. It has been 
shown that for the general value of y — the ratio of specific heats, the problem seems to be in- 
tractable. Next the case for the particular value of y = 1*5 is considered and it is shown that 
with a certain restriction on the form of the frequency function the amplitude of oscillation 
diverges from zero at the centre of the star to infinity at the surface. The oscillations are thu« 
unstable. 

On the basis of this investigation, it has been suggested that the expansion of the Crab 
Nebula, the Filamentary Nebulae, the Planetary Nebulae and others may have its origin in the 
instability of non-radial oscillations that might have started in the remote post in centrally 
condensed stars due to some internal cause or due to the nearly passage of another star. 
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• Pekeris (193*8) has established the instability of Non-radial oscillations in a homogeneous 
star, for all modes. 
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Introduction 

If F(k, t) be the spectrum function of isotropic turbulence, the decay of tur- 
bulence, according to the theory proposed by Heisenberg (1949), takes place according 
to the e(|uation 

- 1 J' F (k', t) dk' = 2 J* F {k', t) k'-^ dk' (1) 

where v is the kinematic viscosity, and turbulent viscosity, for which Heisenberg 
(1949) aB:nmie<l the form 



A self-prcsiTving solution of this equation in the form 

F{k,t)~'^j^f(kjl) ( 3 ) 

was given by Heisenberg, which has the property that f(x) ^ x, for small .rand 
f(x)'-^x'^^ for large .r. They correspond to the linear and Kolrnogoroff parts of 
the spectrum respectively. Tlie above solution was investigated more completely 
by Chandrasekhar (1949) who has given numerical tables for/(.T). While solution (3) 
givTS a complete similarity thnaighout the spectrum, it gives neither Loitsiansky 's 
result (1999), nor the ultimate law of dissipation with time as (^— observa- 
tionally verified by Ikitchelor and 'Fownsend (1948). 

N. R. Sen (1951) has recently shown that at the initial stages when the low 
frequency eddies are predominant (r small compared to 17^) equations (1) and (2) admit 
a more general type of solution of the form 

^ ~ i • ^77. (t)'’'V iWhWItoY) ( 4 ) 

where c is an arbitrary constant. Limiting c to <! ^, it can be used as a parameter 
determining a family of early period solutions. It was shown by Sen that this 
solution has the following cliaracteristics : 

f(x) const, as ; 

and f(x) const. as x -> 00 

whatever c may be. 

While c = J gives Heisenberg s results, the above solution (4) is remarkable 
in the respect that for c = it gives on the one hand Loitsiansky’s result, viz., 
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(i) F ^ const, as 0, and on the other hand the decaydaw and characteristio 
length ♦ namely ^ const. and Ivt re.sj>ectively, which w^ere first pointed 
out by Kolmogoroff (1941) to bo true when Loitsiansky’s result is assumed. Sen's 
solution (4) shows that all the above three conclusions follow from this self-preserving 
solution (4) of Heisenberg s equations (1), (2), without any a<l hoe assumption of 
Loitsiansky 's result. The initial lack of isotropy at is, of course, outside the 

scope of the present solution in which simihirily lias been assumed. It has been 
suggested that the parameter c may be connected with tlie mode of excitation of 
turbulence. 

The object of this note is to point out that the fonn of the spectrum (4) given 
by Sen is also associated with a more general decay ecpiation suggested by Karman 
in 1948. 


2. Self-preserving Solution of Decay Equation with Karman 's 

Spectrum Function 


Assuming the existence of a transition function for energy between the intervals 
(Ik and dk' (which depends on the energy density and wave numbers k and fc'), 
Karman (1948) obtained by dimensional rea.s()ning the following equation for the 
decay of the spectrum function 


dj_ 

dt 




Jo 

- {F(k)}^ "‘‘k^~^ {F{k')}''k'^ dk' \-2vk^F .. 


( 6 ) 


where v is the molecular viscosity, a, j8, as yet unspecified constants, and C an 
absolute constant. When the first term on the right of (5) is entirely negligible the 
form would include Heisenberg’s equation (1), (2) for a == |, /3 = — f. 

For steady state under negligible molecular viscosity, (5) has been shown to 
give the KolmogorolY spectrum by Karman. 

When the turbulent viscosity is dominant the above equation will have the 
form 


dt 


= C 




F‘ 




dk'-F 


F'^k'^dk' 


(6a) 


Let us seek a self-preserving solution of this equation in the form 


F = 


1 {m(A)}’.{«(t)}' 


(72 


k^t^ 


7(a.^(t)) 


( 6 ) 


where p, q, r are constants, A = t = f/^o, i^(A) a function of A and «(t), a 
function of r. On substitution of (6) in (5a) and simplification one obtains the 
relation 


w^(A) j^r— ^ f(x) dx— 


u^(X) .r .8^-- - ^dx 


8 dx 


v?’^(X) . 3^ ./*(*) dx X 


K - 2 




(*) dx 


( 7 ) 


This last result waa pointed out to me by Prof. Sen. 
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ds 

where ar = a . A, and a, denotes The condition of similarity will be satisfied if 

? = 


? = 0 ) 
8 = aV > 

r = (®— 3)c+2 3 


( 8 ) 


(;)-3)c+2 

whore a' is the constant of integration of 


T — C, 

s 


c being another constant. The interesting point here is that equations (8) do not 
involve a and p. The argument of the function / in (6) does not depend on a and )3, 
but its form does. On substitution of (8), (7) will have the form 


(2-3r,) 


f(x) dx—c 


d/(.r) , 

X , — dx 
dx 






(9) 


Again substituting the values of q, s, r from (8) in (6), one finds that the form of the 
Holf-prosorving solution F(k, t) of Karman’s equation (5a) is the same as (4) given 
by Sen. The constituent function /(.r) of self-preservation is now given by a diflferent 
equation, namely (9), which involves a and 

It may be (easily shown that equation (9) admits of similar solutions of the 
form h^f{hx), f(x) being uny solution of the same equation, and h any constant 
(which is unconnected with a and /3). This similarity property is known also to 
belong to the solution of Heisenberg’s equation. 

When the inertia terms in tlio (‘quation of decay (1) are comparable to the 
viscous term, i.e., the viscosity part can no longer be neglected, the equation of 
decay of turbulent (uiorgy will have the general form (5). If we assume a solution 
of the form (8) for the complete equation (5), the similarity condition will be satisfied 
for s s=z a' . only if c = L This again means that Heisenberg’s form of solution (3) 
is the only similar solution which is valid for the entire general Karman spectrum 
of turbulence. 

We shall now examine the behaviour of fix) satisfying equation (9) as 
and also as 00 . 


If 


(a) Asymptotic behaviour of f{z) at x-^0, 
f{x) ^ Ax^ (iC“> 0) . . 

then proceeding in the usual way we find the following equation for n, 
n*(|--«c) + « {(2a-l)+c(2-/S-3a)} +{2-3c)()S-i) = 0 

This quadratic equation in n has two solutions, viz., 

2- 3c 

«i = 


(10) 

( 11 ) 


.. ( 12 . 1 ) 




2 ) 3-1 

i-2« 


.. ( 12 . 2 ) 


and, 
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N. R. Sen (1951) obtained the asymptotic solution (12.1) (which is free from a, /5) 
for the Heisenberg spectrum. It is to be noted that in the case « «=» /5 « — ^ 

(Heisenberg spectrum) the above equation (11) becomes linear, which gives the root 

2-3c 

agreeing with Sen’s result; for c = is equal to 4. We tiike this value of c in our 
subsequent argument. In any other case different from that of Heisenberg, (12.1) 

2 ) 8—1 

is a root, which we take as equal to 4 (c = '^). There is a second root - 

1 — 2(X 

In order that 712 may be positive, we should have any one of the two alternatives : — 
(i) a > I ; jS < .1 or (ii) a < i ; jS > 4. 

(i) when a > ^; P < \, the expansion of f(x), for will begin with if 

4a+i3 < 5 ; but if 4a+^ > the expansion of f{x), as x-^0 begins with rio 
being < 4. These are really the conditions given by Karman. 

(ii) But when a<^; ^>4, the above statements are reversed. Karman ’s 
conditions have validity for the first alternative only. 


(b) Asipnptotic behaviour of f(x) for x 00 . 


Putting = and following Heisenberg’s method of approximation 

the behaviour of /(.r), for .r~> 00 , will be given by the behaviour at largo x of /, 
when it is giwerned by the following equation 


(2-3c)x V 


(^ + 1 ) + OLXj ) 


(13) 


provided we assume that aco'— jS— 1 >0 . . . . . . . . (14) 

(co' meaning differentiation with respect to log x). If we seek a solution such as 

/(,r) ^ (x 00 ), d 7 ^: 0 .. .. .. (15) 

where 71 is positive, (13) gives the following equation (whore only the highest order 
terms are retained) 


„ i i nil ^)] , 1 !" a f 

L(/3+1) 


—aw ^ ^ (/3+1)— aw 


+ I 




+x ["(* «) < “[w2(ac-c.)+w{(3c-2) (l-a)-)3c} + (3c-2)/3] 

4-.... = 0 (16) 


If the first term be the significant one (i.e. algebraically be with higher power of x) 

/3— ^+w(f— a) < w(l— a)+/5+l 
or w < 3 ; 

then the solution will be given by equating the coefficient of 

i+n({-«)] 

to zero, which gives n = ^ . 

If we assume the second term to be dominant, then » > 3, and vanishing of th 
coefficient in the second term would give two values 

w = /3/(a— 1), or (3c— 2)/c. 
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The second of these two values is now a violation of the condition n > 3, as c is 
restrictetl U) have a value less than f . 

We mjte that for the assumption (15), the inequality (14) reduces to 

wa— 1>0 (I4a) 

This is not violated in any of the above arguments, but is a restriction on a and |J. 

Under this restriction we have asymptotic expansion of f(x) for a: oo as, either 

(1) f(x) ^ Ax i 
or 

(2) fix) ^ Ax • ») (^/(a-1) > 3) . 

The first is the well-known Kf)lmog()rofF spectrum but the second is also a mathe- 
matical possibility for tMjuaiion (5a). If we, however, closely analyze (5a), and 
(lb), we note that the first term in the latter equation is contributed by the two 
terms on the right hand si<le of equation (5//), and the second term of (16) by the 
term on the left side of (5</). Hence in case (1) above when the solution approaches 
the KoIrnogorolT s[H‘ctnirn, each of the two terms on the right of (5a) makes finite 
contribution but their difference is a small term of an order w^iich is neglected. The 
steady coftdition in the iqu'Ctrutn js reache<l by any spectral band receiving from 
outside and also transmitting to the outside finite and equal amounts of energies. 
The entire Hpe<^trum is far from tlu^ decaying stage. Hut w'hen condition (2) is 
satisfied each of these two amounts of energies is at leiist a small quantity of the 
first order. The H|)ectrum then is very near its state of complete decay. 

StTMMAKY 

Tho gouoral HMlf prcworviiu' f of t he Hpoctrum furu’t ion govornod by Heisenberg’s equation 
for cloeuy <»f turbul*Mi«*f> ar thn stagtH vviien ofTeft of molecular viscosity is nogligibl(\ recently 
given by H. Sen, is foimd to b<' valid under the same condition for the more general decay 
t'quation pnqxHod by Karman. The form of the const it ikmU function / of self-|)n‘servation 
dtqiends on tlio arbitrary ctmstanls a and p introductMl !)y Karman. Tho asymptotic behaviour 
of the self pr•es»^rvi^ig solution of H«>isefihorg’s e<piat ion as k 0 still remains valid under certain 
iniMpiality condition satisfied by a and P in th<' general cast^ of Karman; but under the opposite 
condition a second bidiaviour of the asymptotit' solution at k 0 is possible. For A: -> oo tho 
Kolmogon>rf spo<-triini is obtained as a (transient) steady state r'ondition with finite transfer 
of erpial amounts of energies between a spectrum hand and its outside, but for Kurman’s sj)ectrum 
function when pl(x l)>3, a second stt*ady state behaviour becomes mathematically po.ssiblo 
at near the complete doi'ay end of the speed rum. 
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APPELL SET OF POLYNOMIALS 
by ViKBAMADiTYA SiNGH, Department of Mathematics, U niversity of Delhi 
(Conununicated by R. S. Varma, F.N.I.) 

(Received Novetnber 13, 1952 ; read May 7, 1954) 


1. Introduction 


A set of polynomials { P,(a;) } , where P„{x) is of degree n in x, is said tt) be an 
Appell set, if it satisfies the relation 

( 1 ) 

An equivalent definition is the existence of a power series 


such that 


00 

/!(<) = 2“"^" . 
n « 0 

Tj 

A{t) e*^ = ^ fl^ix) .. 


. ( 2 ) 


.. ( 3 ) 


and .1(0 is called the generating function of the set of polynomials P„(a;). 

Varma [4] has recently given a generalization of Sheffers [1] representation of 
Appell polynomials. His result may l)e stated as follows : 

If 

/„r=f (4) 


n, r = 0, 1,2, 

exists such that o9^0, then the Appell set is given by 


I\(x)= K„(x,t)dm 


where 


K„(x, <) “ 2 


(x+ty 

r! ' 


In particular 


v n 


and the generating function then is 


*97 
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In the present paper we give an extension of Varma’s result to 


I\(z) = 


P 1 — n, Oj, 02, ... a, . _ 


dm 


and 




dm) 


and also givi , by moaas of operational calculus, .some expre.ssions for P„{z) in terms 
of confluent hyf>ergoometric functions. 

2. A New iNTEOERAn Repbesentation 
We begin by establishing the following lemma ; 


V F '*2 _ <] 

Z n ! '+• ' I (,„h^ h/’ ij 

_ C«i .«2 a, ■) 


Proof: with tho usual notation 

(a,„ r) «ap(ap+l) 

we can write the left hand side (vf ( 7 ) as 


Now 


A"' (V/>)p!V J- 


( — n(a — l) (u — p^l) 

= { — )• n ! i(n—p ) ! , 

therefore tho left hand side 

" '■ f.4^0 ■■■■ P) 'p ! (n-p) ! \a:/ 

er y P ) {a,, P) 

z, P- P) • • • • i») ,Z (T-^ ! 

'^'{61.62.63 

by an inversion of the order of summation. 

Rice’s result [3] 

y («0" p f“".0i.02 t\ „ „ (ai,a2, ) 

follows at once from our lemma by taking r =» 2. 


(7) 
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Our lemma now gives that 

«• p ) <*, t\ 

n I ' ( bi, 6* b/’~'x) 


is an Appell polynomial. 

v r • 1 • 1 t , flof • • • • t i 

If we write the equivalent series for — > we cet 

( bi, bi, b, X ) 

after some rearrangement 


— ^ «r. O 


2 (gi. 

Abi, 


{ai,p) (o„p) x”~^ 

{bi,p) .... {br,p)p\(n-p)l 


(*»i. P) •••■ (br, p) XL, (n-p-q ) ! q\p\ 

*t 0 <7 *» 0 

(x+O^'S ,w V / ,p(«i,y) — K.y) 1 


» = 0 * #>>=0 


(bi,p) .... (br,p)pl {q-p)l 


where 


V (-A •••• K.y) / ,,p 

A>„ ^ {bx, p) — (t,, p) \p)^ 


Hence from (6) 



♦00 / 

0 ' 

— n, Uj, a2, • , , * df. 

^2f • • • • 

il 

(Ol,p) .. 
(6i, p) .. 

■ •K,p) x”'*’ t>p 

.. (br.p) (n-p)~\pl 


is an Appell polynomial. Here is the set of moment constants and j9(0 is the 
type of function considered by SheflFer. 

On account of the identity 

'^+1 ' f Oj, 02, . . . . O, ) 

the function defined by (10) reduces to Appell polynomials given by Sheffer when 
we take Op = 6p (p = 1, 2, 3 r.). 

3. Gbneeatino rtmoTiON 

The generating function of the polynomials given by (10) will be 
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On interchanging the order of integration and summation and using our lemma we 
get 

« « 0 


TlierefDre 


It is easy to see that 


(<) . 


( 11 ) 


„ («l-«2 «r ) 

.... 6/ 


fiin be written as 


r- h Cx^p-ui-x) 


Ct/X 


>• 

.. ( 12 ) 


E(a,,) > 0 , R{l>p~<h) > <1 • 

If we denote the generating function in (11) by (u) and use (12) we get 


II fWT — 1 : (1 — dx \ i 


t^Hx 


dm 


r 1 rt.-l 1 / ' \ 

“ ^ ^4r-d« n x,,]dx^, (13) 

/> r - f 1 Op J 0 ^ \ /)=r-(7+l / 

which gives us a relation between the generating functions obtained by the different 
choice of the order of the hypergeometric functions. 


4. Uklation between Appell polynomials and some known functions 

If X and y be two independent variables it is easy to see by Taylor’s theorem 
and propertv^ of Appell polynomials that 

n 

Pn (x+y) = 2 S ^'”-P 

p *0 ^ 

and in particular 

n 

Pn{x)= 2 (0) (15) 

r »= 0 

If we multiply both sides of (16) by e '*”’ and integrate from 0 to oo, we get 
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In the notation of operational oaloxilus we can write (16) as 




• (17) 


4.1. By means of an important theorem in operational calculus we have 
from (17) 


’ Pn{x) = ^ P,.AO)Pl(P+iy*^ . .. 


But we know that [Humbert and McLachlan 6] 


x-*'-* e-* IT , (X) = (-)'^+*'+‘ r{n-v+ i) 


Hence taking 


we get 


r+2 

jj, = — — and V ' 

Jd 


(i+p)'*- 


f-1 {x) = r{r+i)pi(p+\y*^ . 


Now from (J8) and using Lereh’s theorem we get 




,_^(x). 


and finally 


- 2 


r«0 2 ' 2 


4.2. From (17) as before we have 


e-*/2 P,(x) = 2 W PliP+iY^^ • • • 


But we know that [6] 


V (0 =? P(f'+3/2) 2-f’i |»'+3/2, -p+v+i ; > 

R{v) > -312 . 

Putting «/ = r— J and /tt = r we get 

Mr.r-iit) = r(r+l) pl{p+^Y+^, 


and hence as before 


- 2 




4.3. It is well known from operational calculus that if /(<) == ^(p) 


*!j; 


g-**/« f[x)dx == ^(Vp) 



346 


VlKIUlifADlTYA SIKOh: APPELL SET OP POLYNOMlAI>S 


Therefore from (17) we have 

J 

■%/ nx 

But we know that [6] 




expl 

0 

— jjJ 


y/p 


(22) 




whore Dn{A Webcr’a parabolic cylindrical function. Therefore as before 


1 

\/ TTX 

and finally 


oxp 


[-«- 2^'"- W(2x)'/2e^/2 )(V2a;). 


r-fl 


— f\{s)cl, = y (0) (2x) !)_(,+„ (V2 x) . . . (23) 


4.4. Tlic 8<it of polynomials ( Hjx)}, where n„{x) is a polynomial of degree n 
in X defiiicij by the relation 


nni-c) 


■■■& 


{e'\l,(x)} , 


.. (24) 


where 


is called AngelcHCiis’ set. 


•I«{x) = («o.«i a„x)" , 


.1 (x) 

It is quite apparent that " p boiiavos like an Appell polynomial, and so from 


(24) wo get 


Taking the integral representation for /'„(x) from (10) we get 


.. (25) 


n,(x) ^ 1 {a,,, >).... ja^.p) flY 

" ’ /r'o ^ \(« -p) •' / 


n 

= 2 


1 •••(«..?>) t(P) 

p'.'’(bi,p)....(h,,p) — 0 


(x) , . . 


(26) 


where I«|fl^(x) is the generalized Laguerre polynomial. 

The generating function for .Angelescus’ polynomials was given by Sastri [5] 
and satisfies the relation 
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It is now clear that the generating function for Angelescus’ polynomials is obtained 
from that of Appell polynomials by replacing t by -j — ^ and then dividing by (1— t). 
Therefore we have 


HTt ^ \i^t) “ HTt J M fc, , 62 b/ ~r-/ } • • • 


(28) 


Putting y = — f/(l— 0 in (27) we have 


exp (yx) 4> (y) ^ V 


m! 

n « 0 


= V y V — (— )* 

A Z. ni(r-H)ln\' 


Comparing this with (3) we get 

Kix) 


r=0 n = o 


or 


'•! ^ p\ p\(r-p)\' 

,4-0 - w 


(29) 


The corresponding inverse relation can be obtained from (25) by applying Leibnitz 
theorem and we readily get 


f «0 ^ ' 


. . (30) 
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PRODUCTS OF SUMMABILITY METHODS 


hy T. Pati, rPjKirtwfnt of Matheimtics, Allahabad University 
(Communicated by B. N. Prasad, F.N.I.) 

(Received Septeniher 15, 1953; read May 7 , 1954) 

1. In a recent paper Sz^sz (1952) raised tlie following question. 

Iy*t .1 afid B flenote any two regular methods of summability for sequences 
{ f , and U^t AB denote the iteration- product wliich associates with a given 
Heqiitaice tin* .1 -transform of its /i-transform ; then docs .1 -summability imply AB- 
summability • 

In the same paper Szasz demonstrated that the answer to this question is in 
the afiirmative when A is Abel and B is ((\ a), a > 0 . * 

In the pn^sent paper we generalize this result of Szasz by replacing (C, a) by 
the wider r;lasB of regular Hausdorff* transformations (//, fx), of which Cesaro, 
Holder and Eu1(T transformed ions are w<‘ll known special cases. 

[ shoidd like to express my indibtedness to Dr. B. N. Prasad for his kind 
guidance aiui eneouragern^-nl. 

2. Definition^. 

VV(‘ writ<‘ 

fir) = ( 1 — x) =r (0 < .r < 1) . 

If t he limit 

LI f(r) = .5 

. 1 n 

exists, then the s(‘(|ucnc<‘ }, or the scries , is said to he summable (^4). 

The gtnieral Hausdorif transromuat ion (II, ft) is dfdined by 

/ = Va .V 

//• / ''m, u - n, 

H 

where 


(71 > 7n) . 



♦ For the case a = I hoc Zygmiiinl (102<)), p. IS9. Incidentally it may he mentioned that 
the analyniH in 8<M>tion 2 of Sz»Ahz h pa|x-r Iim.s hcon vitiated by an obvious oversight in the step 
just preceding identity (--4). Indeed (2.4) should rend: 


whom 






and, following the notations of SziW/s paper, we should finally have 

.4(0, a){«,} =(0. a) 
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m 


We shall write 


so that 


If 


= A V„. 

/m\ 


where xit) is a real function of bounded variation in 0 < ^ < I, then is called 
the moment conaUmt, of rank n, of x(t) . We may suppose without loss of genera- 
lity tliat 

x(0) = o. 


If, further, 


X(l) = 1, 

and 


x( + 0)=x(0)=0, 


so that x(^) is continuous at ^ = 0, then /x„ is said to be a rejqnlar moment constant. 
We have, in general, 

^ 0 


We assume throughout that (II, fx) is a regular Hausdorff transformation. 
3. We prove the following theorem. 

Theorem. If A and B denote two regular methods of summahility for sequences 
{.%}, and AB denote their iteration product which associates with a given sequence 
the Adransform of its Bdransform, then A-summahility implies A B-summnbility where 
A is Abel and B a regular Hausdorff method. 

We require the following lemmas for the proof of our theorem. 

Lemma 1. 1 In order that the (H, fx)4ransform should be regular it is neoe^sary 
and sufficient that fx„ should be a regular mom,ent constant. 

Lemma 2,% In order that the transformation 

®(y) = f g{ty)dx(t) 

^ 0 

should he regular, i.e. that *g(y) s, as y ^ oo' should imply *0(y) s, as y oo', 
it is necessary and sufficient that y(l) = 1 and x(+l^) = x(^) = 0 , 


♦ The function is defined at f — 0 so as to be continuous. Thus 

/*! 

fM) ^ • 

t Hardy (1949), Theorem 208 (i), p. 260. 
t Hardy (1949), Theorem 217, p. 276. 
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Proof of the. Thboebm. 

Let t^ denote the regular {H, /x)-tranaform of the sequence {«,) 
object is to .show that if 

f{x) = (1 —X) 2 -> 8, 

n 

as X 1—0, then 

F(x) = (1 — X) 2 ^ 

m 

m X 1 — 0 . 

Wo have 



»» 0 ' ' 

^ V / ('I 

NT /m\ / \ 

^ f J M <'‘(l-0'’-"dx{<)ja. 
« =,(. ' J o ' 

I ( y 

I \ A ■ . ■!« \ TV / } 


Hence 


Now, putting 


we liave 


Jo 


Thus 


'-S-i 

I = 2 •«" <" 2 (r) 

»« 0 m 7-. n ' '' 

CO 

= 2 -'" <">-*,(1 
n * 0 

= (l— ic(l O) X (!—()) . 

JP(x) = (1-x) 

-^(1-0 ( 2^(i-x(i-t)) '*■•) 


. Then our 
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apd, therefore, putting 

X - 1 _L _ y 

y+l tj+1’ 

we have 


^G+-i)=l 



['(ra)" 

Hence, setting 


and 

E 

lii 

we have finally 

(’(y) = ( giyi) 

J 0 

Now, as 
and 

X 1 —0, y ao , 

l>t (j(y) = Lt f(x) = .H, 

V —V TO 1 •*() 

by hypothesis. 



Therelbn\ by Lemmas 1 and 2, 


that is, 


0(y) = F 



-> s, as ?/ -► X , 


F{x) -► s, as X 1 — 0. 


This completes the proof of the theorem. 
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FERTILIZATION AND THE DEVELOPMENT OF EMBRYO AND SEED 

IN EUPHORBIA HIRTA LINN* 

by L. B. Kajale, Maharasklra Association for the Cultivation of Science^ 

Law College Buildings, Poona 4 

(Communicated by S. P. Agharkar, F.NJ.) 

(Received August 28, 1952 ; after revision March 1 ; read May 7, 1954) 

In an earlier publication the autiior in collaboration with Rao (Kajale and 
Rao, 1943) described the development of the embryo sac and pollen in Euphorbia 
hirta and Jatropha gossypifolia with some observations on the organiziition of the 
obturator in two more species of the genus Euphorbia. In this paper it is proposed 
to deal with fertilization and the development of the embryo, endosperm and seed 
coat in Euphorbia hirta. 

The earlier embryological literature dealing with the Euphorbiaceae is not 
summarized here since it has alread}^ been reviewed by Johri and Kapil (1953), 
Banerji (1951), Johansen (1950), and Gopinath and Gf>})alkri8linan (1949). 

The material was collected locally and fixed in Navaschin’s fluid. It was 
dehydrated and embedded in paraffin according to the customary methods. Sec- 
tions were cut 8 to 14 /i thick, stained in Heidenliain^s hacmatoxylin and destained 
in a saturated solution of picric acid. 

Fertilization 

Fertilization is porogamous. After entering the embryo sac the pollen tube 
passes along one of the synergids, in between the latter and the wall of the embryo 
sac. It travels up to the base of the egg, its tip enlarges and bursts open discharging 
the two male gametes inside the embryo sac. During its passage, the pollen tube 
generally destroys one and sometimes both the synergids (Figs. 2 and 3). Inside 
the embryo sac the pollen tube may persist till the proembryo becomes two- to 
four-celled and several endosperm nuclei are formed, but ultimately it collapses 
and disappears (Fig. 6). 

The male gametes at this stage present a spherical shape and take a deep stain. 
One of them f^es with the egg and the other with the two polar nuclei (Figs. 1 
and 2). 

During triple fusion the two polar nuclei increase in size and lie, closely pressed 
together, near the egg apparatus. The male gamete comes in contact with these 
two nuclei (Pigs. 1 and 2). By this time the male gamete in the egg is already in 
process of fusion to accomplish syngamy (Fig. 2). Further details could not be 
observed and it could not be ascertained whether there is a formation of the secon- 
dary nucleus prior to triple fusion or all the three nuclei fuse simultaneously to form 
the primary endosperm nucleus. It appears ''probable, however, that srogamy 
prec^es triple fusion in E. hirta unlike in E. oreophila and Homonia reiusa (Gopinath 
and Qopalkrishnan, 1949) in which syngamy and secondary fertilization are reported 
to be simultaneous. John and Kapil (1953) have recently reported that syngamy 
precedes fertilization of the fusion nucleus in Acalypha indica. 

Embryo 

The fertilized egg becomes somewhat uniformly vacuolate (Fig. 4) and before 
it divides, four to eight endosperm nuclei are present in the embryo sac (Fig. 6). 
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Text-fios. 1-20. Euphorbia hirta. 

Fig. 1 . Embryo ewvc showing doublo fertilization. Note the presence of antipodals. Fig. 2. 
The same as tig. I with one degoneratiiig synergid. Figs. 3 and 4. Successive sections of 
the same embryo sac; tig. 3 shows two degenerating synorgids, the tip of the pollen tube (pt) 
and two endosperm nuclei, while fig. 4 shows the micropylar part of embryo sac with the ferti- 
lized egg. Fig. 5. FImbryo sac showing division of the oospore and endosperm nuclei. Fig. 6. 
Mioropyli^r part of the embryo sac with t'wo-celled proembryo and degenerating j>ollen tube. 
Figs. 7 to 20. Various stages in the development of the embryo. X 6(W. 


XB 




OF FMBRVO 4K0 SKBD IN EUPHORBIA HIRTA UNN. 


m 


The first division of the oospore is transverse and results in the formation of two 
c^lls, the terminal cell and the basal cell (Figs. 6, 7 and 8). These cells are design- 
ated by the letters ca and cb respectively. Generally the first division of the oospore 
in the Euphorbiaceae is transverse but it is claimed to be longitudinal in E. preslii 
(Weniger, 1917) and E. rothiana (Shrivastava, 1962). 

The basal cell cb varies in shape and size. Grenerally it is larger and more 
vacuolate than the terminal cell ca. Sometimes it is elongated (Fig. 7). The basal 
cell cb divides transversely either before or after the terminal cell ca has divided 
longitudinally and gives rise to the upper cell m and the lower cell ci. At this stage 
the proembryo is T-shaped and consists of three or four cells (Figs. 9 and 10). The 
cell ci divides further and forms the cells n and n' (Fig. 12). Normally the division 
of the cell ci is in a transverse plane but occasionally it may be oblique or nearly 
vertical. The cell n' by a further transverse division gives rise to two cells, o and p 
(Figs. 13 and 14). Thus m, n, o and p are all derived from the basal cell of the 
two-celled proembryo. 

The terminal coll ca divides longitudinally to form two juxtaposed cells 
designated together as q (Fig. 10). Both these cells divide again by a longitudinal 
wall at right angles to the first and a quadrant is formed (Figs. 11 and 12). Shortly 
thereafter each cell of the quadrant divides transversely into two tiers I and V and 
the octant stage is reached (Fig. 13). The upper four cells of the octfuit eventually 
give rise to the stem tip and the two cotyledons, and the lower four cells to the 
hypocotyl. The cell m derived from the basal cell (ch) functions as an hypophysis 
which completes the root cap and the root tip. The remaining cells n, o, p and their 
derivatives develop into the suspensor. The origin of the various parts of the 
embryo from the cells of the proembryo is as follows: — 


Oospore 



Stem tip 
Cotyledons. 

Hypocotyl and radicle. 

(Hypophysis) root tip and root cap. 


Suspensor. 


Thus the embryogeny of E, hirta in all essential features resembles that of 
E, exigva described by Soueges (1926) and conforms to the Euphorbia variation of 
the Onagrad T 3 pe (Johansen, 1960) or to the Crucifer Type of Maheshwari (1950). 
Similarly, accorcUng to Johansen (1960), the development of the embryo in E. 
procera (Modilewski, 1909), E, spUnderis (Weniger, 1917), E, esula (Sou6ges, 1924) 
and Acalypha ausiralis ♦ (Tateishi, 1927) also conforms to the Euphorbia variation. 
Two other variations have also been reported from thw family. In E, preslii 
(Weniger, 1917) and E. rothiana (Shrivastava, 1962) the embryo development 


* According to Johri and Kapil (1953) the embryo development in this species is like that 
of 'A . indica. 
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conforms to the Scahima variation of the Piperad type (Johansen, 1960) while in 
Acalypha indica (Johii and Kapil, 1953) and A. lanceolata ♦ (Thathachar, 1962) it 
conforms to the? [/olits variation under the Onagrad Type (Johansen, 1960). 

DeLiils of the development of the various parts of the mature embryo are 
discussed in the following jiaragraphs. 

At about the time when the octants are formed, the embryo consists of six 
tiers: the two terminal tiers I and V of four cells each, the next one m of two cells, 
and the lower three tiers, i.e , n, o ami p consist of one cell each (Fig. 13). Each 
cell of th(j t(*rinirud tier I divides obliquely and gives rise to two cells, a and b 
(Fig. 14). The inner cells a by transverse and longitudinal divisions give rise to the 
plumule, while the outer cells 6, two on each side, form the initials of the cotyledons 
(Figs. 20 to 22). Simultaneously with this development the cells of the tier V divide 
pc^riolinally to cut off the derniatogen (Fig. 16). Shortly afterwarrls the dermatogen 
is completed in the other t wo ti<‘rs I and m also (Figs. 16 and 17). The differentia- 
tion of the dermatogen in t he tier I dor‘s not follow any n^guiar sequence and it may 
be compleUnl first either in the inner cells a or the outer cells b (Figs. 16 and 17). 

The cells of the tier I' at first divide longitudinally and then undergo a series of 
longitudinal and transversi^ divisions .so as to form the region of the hypocotyl and 
radicle (Figs. 18 to 21), As the development proceeds the periblem and the plerome 
become gradualU^ dillereiitiated. At about the stage represented by Fig. 22 the 
pleronut corLsists of five to six layers and the j>eriblem of three to four layers as seen 
in longitudinal He<;tions. 

It luiw aln ady !)e(‘n stated that tlie c(*ll m derived from the basal cell (cb) of the 
two-(x‘ll(5j pr(»e‘rnbryo fum^tioas as an hypophysis. Before the octant is organized, 
it divid(‘s by a vertical wall and gives rise to two cells which in turn also divide 
vertically U) form a group of four cells (Figs. 12 to 15). All these cells divide peri- 
cUnally to pro(luei‘ four outer cells and four inner cells (Fig. 16). The former 
complete the derniatogen and represent th<^ primordinm of the root cap. The 
inner cells on<5(^ more divi<le obliquely and the resulting eight cells are placed in two 
tiers of four cells eacih (Figs. 18 to 2i)). These two tiers function as the initials of 
the root corU'X and form the root tip The upper four cells contribute to 
the plen)me whih^ the lower four form the periblem (Fig. 22). 


SUSPENSOR 

Except the cell m, the n»maining cells n, o and p derived from the basal cell 
(rb) give ris(' to the susptuisor. It consists of a f<?w cells and becomes miiltiseriate 
especially towards the (unbryo side (Fig. 21), and persists even in the mature seed. 
Its cells become packed with starch grains during later stages of development. 
The absence of the suspensor in ibis family has been previously reported by Weniger 
(1917) in pre4ii and Shrivastava (1952) in E. rothimw. 


Mature Embryo 

The msture embryo is straight and dicotyledonous (Fig. 23). The three 
histogenic layers become prominent at about the stage shown by Fig. 22. The 
cells of the periblem are broader than long. In the region of the plerome they are 
more elongated. The cells of the mature embryo become packed with food material 
mostly starch grains. Tlieir distribution, however, in the different histogenic 
layers is not uniform. More grains are deposited in the periblem than in the 
plerome. In the periblem, they are also bigger in size than those in the plerome. 
An interesting point about the structure of the embryo is the development of the 


♦ See diaoussion by John and Kapil (1953). 
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long, elongated and narrow laticiferous cells which are densely cytoplasmic. They 
are present in the hypocotyl and the cotyledons. 

Endosperm 

The primary endosperm nucleus divides earlier than the oospore and forma two 
free nuclei. One of them moves towards the chalazal end and soon both of them 
divide to form four to eight nuclei before the oospore segments transversely (Pigs. 
3 and 6). In E, splendsns (Weniger, 1917) as many as 32 to 64 endosperm nuclei 
are formed before the division of the oospore. The free nuclear division in the 
endosperm continues until many nuclei are formed in the peripheral layer of the 
cytoplasm. They are somewhat evenly distributed except at the two poles of the 
embryo sac where they are more crowded. During earlier stages of development, 
the divisions of the endosperm nuclei are synchronous but later on the nuclei are in 
different stages of division. The endosperm nuclei are further characterized by the 
presence of a varying number of nucleoli as reported by Modilowski (1909, lOil) in 
E, procera and E. paltiatris. In E. hirta the nucleoli vary from one to four 
in number. The free nuclear endosperm later becomes cellular. Wall formation 
starts all round at the periphery and extends towards the centre. The process of 
wall formation begins before the embryo becomes cordate-shaped and after the 
differentiation of the dermatogen in the octant. 

In the beginning the cells of the endosperm are highly vacuolate but soon they 
become filled with cytoplasm and appear more compact and conspicuous. Such a 
change occurs first in the cells at the two poles of the embryo sac. In the mature 
seed the cells of the endosperm are loaded with starch grains. The latter are bigger 
in size than those in the embryo. A part of the endosperm is consumed by the 
growing embryo but a considerable part of it persists in the mature seed surround- 
ing the embryo except at the tip of the root (Fig. 23). A part of the nucellus, 
described later, also persists in the mature seed at the chalazal end along with the 
endosperm (Fig. 23). 

Development of the HypoStasb 

Some other interesting changes also occur during post-fertilization stages which 
deserve consideration. At the chalazal end the embryo sac elongates and destroys 
some of the cells of the nucellus. The remaining cells, however, become rich in 
cytoplasm, take a deeper stain and appear more regularly placed. They multiply 
and become conspicuously differentiated to form a thick saucer-shaped pad of 
tissue below the chalazal end of the embryo sac, the further growth of which is 
arrested as soon as it reaches this pad (Fig. 24). Afterwards, however, the embryo 
sac extends laterally above the pad and eventually destroys all the adjoining cells 
of the nucellus. The formation of such a pad is analogous to the hypostase and its 
occurrence is also reported by Gopinath and Gopalkrishnan (1949) in E. oreophila 
and by Landes (1946) in Acalypha rhomboidea and some other species of the genus 
Euphmbia investigated by her. The vascular supply of the ovule ends below the 
hypostase, which persists in the mature seed as perisperm. Like the endosperm it 
functions as an organ of storage and its cells become packed with starch grains as 
the seed matures (Fig. 23). The function of this tissue is a matter of dispute. 
Either it is considered to be of nutritional nature or it is supposed to arrest the 
downward growth of the embryo sac. Whatever bo its earlier function, in later 
stages at least it is definitely an organ of storage in E. hirta. 

An interesting change occurs in the structure of the nucellus during the forma- 
tion of the hypostase. As reported by Landes (1946) for other species of EupJuyrbui^ 
the cells of the inner integument at the chalazal end become enlarged at the expense 
of the nucellus and divide the latter into a bigger micropylar portion and a smaller 
chalazal portion. The former consists of a few layers of large and vacuolate cells 
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Tkxt-fios, 21-27. Euphorbta htrta. 

P’igs. 21 and 22. Stages in development of embryo. x600. Fig. 23. L.S. of mature 
seed showing embryo, endOvSperm, iKjrsisting hypostase and seed coat. Note the absence of 
endosperm at the tip of the root cap. x 60. emb ~ embryo, end — endosperm, pe = peri- 
sperm, f » testa. Fig. 24. Chalazal part of the ovule showing the hypostase. Note 
constriction above the hyposteise caused by the inner interment. Cells shown by dotted lines 
represent the degenerating colls of the nucollus. x 260. Figs. 25 to 27. Stages in the develop- 
ment of testa. Fig. 26 shows a few cells of the stony layer only. X 600. i — inner 
integument, o outer integument, o' part of the testa derived from the outer integument, 
If* stuny layer. 
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while the latter consists of oompact, regular and densely oytoplasioio cells which 
later develop into the hypostase. The division of the nucellus into two such por- 
tions thus appears to be a characteristic feature of the genus Euphorbia, 


Seed Coat 

There are two integuments in E, hirtay the outer consisting of four layers and 
the inner of four to five layers of cells over the greater part of their length. But at 
the tip the outer integument is thicker while the inner one is thinner. Tlie latter 
sometimes consists of six to seven layers of cells towards the chalazal end. In 
general the cells of the outer integument are richer in cytoplasm than those of the 
inner integument except the outer epidermal layer of the latter, the cells of which 
are densely cytoplasmic as those of the outer integument (Fig. 25). As the embryo 
develops the integuments close over the nucellus and the nucellar beak disintegrates. 

Bc^th the integuments take part in the formation of the testa. In the mature 
seed it consists generally of four and occasionally of three layers of cells. Out of 
these four layers, the innermost layer of the testa represents the outer epidermis of 
the inner integument wliile the remaining two or three layers belong to the outer 
integument. The outer epidermal layer of the inner integument finally becomes 
most conspicuous and forms the brittle stony layer of the seed coat as reported by 
Netolitzky (1926) and Landes (1946) for many other members of the Euphorbiaceae. 

The remaining part of both the integuments comprising the inner layers of the 
inner integument and the inner layer of the outer integument disappears during the 
differentiation of the testa. Before they disappear their cells increase in size and 
become vacuolate and those of the inner integument may also multiply to increase 
the number of layers temporarily. 

During maturation of the seed the cell walls of the brittle stony layer become 
thickened due to the deposition of a chemical substance which looks yellow or 
yellowish brown when stained with haematoxylin. The thickening matter is first 
deposited on the radial and the outer tangential walls (Fig. 26). It later extends to 
the inner tangential walls of the cells. During this time the nucleus shifts to the 
inner tangential wall and the cytoplasm is gradually reduced. By the time the 
cytoplasm is completely used up the thickening has progressed centripetally to 
meet in the middle along an irregular line to form fully thickened stony cells 
(Fig. 27). The nucleus in these cells is seen to persist for a considerable time but 
later on it is completely enclosed by the thickening matter and is therefore not 
visible. The thickening of the cell walls starts at the micropylar end and extends 
towards the chalaza. 

Majority of the cells of the epidermal layer of the testa increase in size and 
become dome-shaped as a result of which the testa presents a finely warty appear- 
ance (Fig. 27), The epidermal cells contain in them the granular deposit of the 
same substance present in the cell walls of the brittle stony layer (Pig. 27). The 
nucleus persists in these cells also. 

The cells of the middle two layers are without any granular deposits. Out 
of these two layers, the cells of the outer one are narrow and elongated while those 
of the inner one are somewhat oblong and bigger than those in the outer layer. 
The cells in both the layers are vacuolate and show the presence of nuclei in them 
(Fig. 27). 

Summary 

Fertilization is porogamdus. The pollen tube passes in between the wall of the embryo 
sac and one of the synergids. Generally one and sometimes both the synergids are destroy^. 
The, polar nuclei increase in size prior to triple fusion. Probably syngamy precedes triple fusion. 

The proembryo consists of three to four cells and is T-shaped. Embryo development 
conforms to the Euphorbia variation of the Onagrad Type. The small suspensor is multiseriate 
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towards the embryo side and porbists in the mature seed. The structure of the mature embryo 
and the distribution of starch are described. 

The primary ondosponn nucleus divides earlier than the oospore. The free nuclear 
endosperm later becomes (?(>llulttr. Wall formation starts at the periphery and extends towards 
the centre. Ofie te f«iur nuclooli are present in the nuclei of the endosperm cells. The endosperm 
surroumirt tbo embryo except at the tip of the root cap. 

I’he hyporttiise persistH in the mature seed as perisperm and serves as an organ of storage. 

The testa coriHists of four layers of colls. The innermost layer representing the outer epi- 
dermis of the inner iritoi<urnont becomes brittle and stony. Next come throe more layers derived 
from the outer intogument. Granular deposits are present in the epidermal cells of the testa 
which have a Hnoly warty appearance. There is a difference in the size and shape of the cells 
of the different layers. 
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I. Introduction 

The composition of the egg-wall of the European Migratory Locust, Locusia 
migratoria migratoria Linn., was briefly described by Plotnikov (1926, pp. 271-272) 
and that of the African Migratory Locust, L, migratoria migratorioidea Reich, and 
Frm., by mo (Roonwal, 1936a). However, in the light of later findings, particularly 
those of Slifer (1937-1950) on the American grasshopper, Melanoplvs differentialis 
Thomas and of Mathe6 (1951) on the Brown Locust of South Africa, Locustana 
pardalina (Walker), a re-investigation of the egg- wall of the African Migratory 
Locust, Locusta migraioria migratorioides Reich, and Frm. (Orthoptera, family 
Acrididae), was carried out and the results are presented here. At 33° C. and in 
moist soil the total period of incubation from the moment of oviposition to that of 
hatching is about 12^-13 days, and blastokinesis or turning of the embryo occurs 
at the 5^ to 6-day stage. The developmental stages {e,g,, the 40-hour stage, 
5-day stage, etc.) mentioned in the present paper refer to the above-mentioned 
temperature of incubation. For fixing, section-cutting and staining of eggs, the 
techniques mentioned in my earlier account (Roonwal, 19366, pp. 392-393) were 
employed. 

II. Composition of Ego-wall 
(a) Description of egg-wall 

The egg- wall of the fully formed egg, whether lying in the egg- calyx shortly 
prior to oviposition or freshly-laid, consists of the outer layer or chorion (composed 
of a thinner external layer or exochorion and a thicker internal layer or endochorion) 
and inside it a very fine vitelline membrane. As the embryo develops, the vitelline 
membrane disappears, and one of the two embryonic membranes, viz., the serosa, 
successively secretes three membranes, one behind the other, in the following 


I Slifer (1937, p. 494) stated that she examined certain stages of the eggs of Locueta tnigra- 
*^ria migtcUorioideE R. and F. also; she, however, did not give either a description or 
illustrations of that species. 
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chronological order: a thin ‘yellow cuticle’, a thick ‘white cuticle’ and a thin 
‘embryonic cuticle’. Of these, the last named persists until hatching when it is 
(jast off by the freshly-hatched hopper as an ‘intermediate moult’. The fate of the 
remaining two layers could be followed only up to 5 days before hatching, but it 
is presumably similar to that in Melanoplus differentialis (Slifer, 1937) in which the 
‘yellow cuticle’ persists until hatching, while the ‘white cuticle’ is digested by a 
‘hatching enzyme’ (secreted, according to 81ifer, by the pleuropodia) sometime 
before hatching. I'he details of the composition of the egg-wall of L, migratoria 
migratarioideji in various developmental stages may now be describe^!. 

The w all of the fully developed eggs (PI. XI, Fig. 2; and Text-fig. 2c) which have 
descended from the ovarioles into the egg-calyx, ready for oviposition, has essentially 
the same composition as that of the freshly-laid egg described below, with this 
difference that in the former case the exochorion is more smooth and well-defined 
and the knob-like tubercles (t.) of the endochorion are more ‘amorphous* and less 
compact. In the freshly-laid egg, on the other hand, the exochorion is more ragged, 
but the knob-like tul>ercles of the endochorion are more compact and better defined 
in sections of egg's. 

In the freshly-laid egg (PI. XI, Fig. 2) the egg- wall consists of three layers in the 
following order from tlie outside: (i) the outer refractile layer or exochorion (‘tem- 
porary coat’ of Slifer, 1937); (li) inside it, and contiguous ^ with it, the thick 
endochorion (‘chorion’ of Slifer); and, finally, (iii) the vitelline membrane (vide 
Table 1). Both the two outer layers, viz., the exochorion and the endochorion, are 
much thicker at the poles (cvspecially at the posterior pole of the egg, PI. XI, Fig. 4) 
than elsewhere. The exochorion (ex.ch.) is comparatively thin (ca. 6 /x at the 
posterior pole and ca. 2-3 p elsewhere), refractile and rather amorphous-looking, 
and does not stain with haematoxylin or with eosin. The endochorion (endxh.) 
is ca. 28-30 p thick at the posterior pole and ca. 5-4) p elsewhere. It stains deeply 
dark-violet with haematoxylin and shows a semi-granular, felt-like structure of 
‘tangled hairs’ except on the extreme outer and inner surfaces which are smooth 
and refractile (PI. XI, Fig. 3). The felt-like structure is OvSpecially noticeable in a 
tangential section (Id. XI , Fig. 5). On its outer face the endochorion is produced into 
a series of suboylindrical or rounded protuberances (t.) which, in surface view of the 
egg- wall, are visible (PI. XI, Fig. 5; and Text-fig. 2a) as a pattern of closely lying, 
rather irregularly arranged tul)ercles (t.). Each tubercle is discrete and distinct and 
is not connected with its neighbours by means of hexagonal ridges (Text-fig. 2b) as 
obtains, for instance, in the Desert Locust, Schkiocerca gregaria (Roonwal, 1954). 
In tangential sections (PI. XI, Fig. 5) the tubercles often appear to lie in the ‘body’ 
of the chorion. 

Next to the endochorion is the extremely thin (less than I p) and structureless 
vitelline membrane (v.m.). In sections, at places where the yolk-mass (y) is 
separated from the egg- wall, the vitelline membrane adheres to the yolk-mass 
rather than to the chorion. 

The micropylar apparatus (Text-fig. la-A), as seen in a freshly-laid egg, consists 
of a ring of about 35-43 elongated (()0-120p long), funicular canals — the micropylar 
canals (m.c .) — near the posterior pole of the egg. From its shallow and oblique 
external opening (c.o.), which is about 8*5-28 p in width, each canal runs obliquely 
downward (posteriorwanl) and inward along the longitudinal axis of the egg-wall, 
traversuig the entire chorion and opening, at the inner surface of the endochorion, 
into the interior of the egg by means of an extremely fine, rounded aperture or 
internal opening (i.o.). The canals do not appear to penetrate the vitelline 
membrane. 

In the 40 J -hour old egg (PI. XI, Fig. 6), the egg- wall is substantially as in the 
freshly-laid egg, except that the exochorion is less well-defined and has evidently 


1 See further (under Discussion) for two types of egg-walls in the Acrididae, 
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']’ext-fig. I ( or - h ). Micropylar apparatus of the freshly-laid egg of Locusta migratoria 

migratorioidea li. and F. 

(а) Egg in side view, showing the ring of micropylar canals near the posterior pole. 

(б) .Surface view of a portion of the egg- wall near the posterior pole of an egg, showing a 
few micropylar canals. 

(c) A micropylar canal, from Fig. 6, in surface view. Greatly enlarged. 

(d) Longitudinal- vertical section of the egg-wall, showing the micropylar canal. 

(e) ~(h) Transverse sections of the egg-wall, showing a micropylar canal cut at various 
levels, from the out-er surface (e) to the inner end (/i). Only the exochorion and the endochorion 
are shown; the vitelline membrane and the yolk are not shown. 

a.p.f anterior pole of egg; end. ch.., endochorion; e.o., external opening of micropylar canal; 
ex. ch., exochorion; i.n., internal opening of micropylar canal; m.c., micropylar canal; 
posterior pole of egg; r., roof of micropylar canal; v.m., vitelline membrane; y., yolk. 
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begun to disintegrate, and the vitelline membrane is seen no longer. Between, 
the yolk and the endochorion lies the thin primary epithelium ^ (membranous 

portion between the nuclei ca. 1 thick), a membrane whose extra -embryonic portion 
shortly afterwards, with the diff'erentiation of the amnion, is termed the serosa 
and, as such, practically surrounds the entire yolk mass. According to Roonwal 
p. 412), the serosa first makes its appearance as a fold at the cephalic end 
of the germ band in the 42-hour stage; by the 46-hour stage, the caudal and the 
lateral folds also make their appearance. The primary epithelium is thus converted 
into the serosii, and, by the 50diour stage, completely envelops the yolk mass. 

By the time the egg is 66 hours old (PI. XI, Fig. 7), the serosa has become 
thickened, the membranous portion in between the neighbouring nuclei measuring 
about 3-4 ft thick. ft has assumed secretory activity and has secreted on its outer 
surface (t.c., between the serosa and the endochorion) a thin {ca. Ip thick) yellowish, 
refractile membnine which does not take either the haematoxylin or the eosin 
stain; this is the ‘yellow cuticle* of Jahn (1935-1936) and of Slifer (1937). It is 
smooth throughout, and nc^ither now nor later does it show in Locusta a spiny outer 
.surface as was reported by Slifer (1937) in Melanophis differ eniialis and by Mathe6 
(1951) in Loevstana iHirdalina, 

About the 75-hour .stage the serosa secretes, between its outer surface and the 
yellov' cuticle, a second membrane which is thick {ca. 8-10 p), whitish and granular 
in sections; this is the ‘ whiUj cuticle’ (PI. XT, Fig. 8, w.c.) of Jahn and of Slifer. Like 
the ycll(Av (juticle. it dr)(\s not .stain either with haematoxylin or with eosin. The 
s(»ro.sn itsc^If now appears to In* somewhat thinner than in the 66-hour stage, evidently 
as a result of the secretoiy material largely having been rele^ised in the shape of 
the white cuticle. 

The posterior pole in this stage presents interesting features (PI. XI, Fig. 9). 
The yedlow euti(de here is about double its normal thickness elsewhere and is crenulated 
on the out.side. On the other hand, the white cuticle at the posterior pole is much 
thinruu' (at. 2-3 p) than elsiAvhere (ca. 5-6 p). Beneath this small, circular polar 
patch of thickt'ned yellow cuticle and thinned white cuticle the serosa cells are 
grou[)od together in a patch of large cells with numerous rounded nuclei lying close 
together; these are the ‘hydropyle cells’ of Slifer. This entire patch evidently 
corresponds to tlie ‘water-absorbing’ area or ‘hydropyle* described by Slifer (1938, 
1950) in Melavopbis diff retdla/ls. (Also see below, 7-day old stage.) 

In an egg about 1 17 hours (ca. 4i days) old (PI. XT 1, Fig. 10), it is seen that the 
inner margiti (ca. 2 p wide) of the thick white cuticle (which in this stage is about 
22-25 p thick) is glassy, rcfractile and structiHeless and stains deeply with eosin, in 
<H)ntrast to the rest of the white cuticle which shows a pattern of fine, parallel lamina- 
tions (in transverse s(*cti()ris of the egg) and stains liglitly with eosin. This ‘inner 
layer* almost presents the appearance of a new layer secreted by the serosa, but, 
as subsequent development shows, it is only a modified portion of the white cuticle. 
In this and subsequent stages, the chorion is .seen to be longitudinally cracked in 
several place, a phenomenon recorded by me earlier (Roonwal, 1936a, pp. 10-11 
and .Fig. 3fc). In the 125-hour or about 5j-day stage (PI. XII, Fig. 11), i.e., shortly 
before blastokinesis or turning of embryo (which begins at the 5^ to 6-day 
stage), this inner layer (/r.c.i'.) of the white cuticle remains unchanged in appearance, 
but its width and discreteness from the outer layer (w.c.o.) of the white cuticle is 
even mon> marked than before, and it is seen, in sections of eggs, that at several 
places the inner layer is completely separated or torn away from the outer layer. 
The latter is now' also appreciably thinner (ca. 8-15 p). During blastokinesis 
(ca. 5^-day stage) (PI. XH, Fig. 12), the inner layer is less glassy in appearance than 
before and becomes partly laminatetl like the outer layer; and the latter is now 


1 For a definition, see Uoonwal (19366, p. 411; and 1939, p. 25). 
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evidently thicker (ca. 16 /x). The serosa has ruptured and has turned over (RoonwaJ, 
1937). 

Soon after blastokineais (ca. G^-day stage) (PI. XIl, Pig. 13), the inner layer of 
the white cuticle has lost its gl^y and stnictureless appearance and is fully laminated 
like the outer layer, but it is still clearly discernible from the latter by taking a 
deeper eosin or orange G stain. The outer layer of the white cuticle is again con- 
siderably thinner, being only about 8-10 /x thick. (Also vide infra, under Dis- 
cussion.) In a 7-day old egg (i.e., 1 day after blastokinesis) the position remains 
substantially unaltered except in the following respects: — (i) The posterior remnants 
of the serosa form a circular area, termed the ‘ posterior serosal patch' by Hoonwal 
(1937, p. 195). The patch corresponds to the ‘hydropyle cells’ described above 
in the 76-hom* stage, (ii) The embryonic body- wall secretes a thin ‘embryonic 
cuticle*. In an egg 8 days old (2 days after blastokinesis), no subsUintial change is 
noticeable, but the ‘hydropyle area’ is now well-delined and is characterised by the 
presence of the thinned white cuticle (PI. X! 1, Fig. 15). The inner layer of the white 
cuticle is still distinguishable from the outer layer but less clearly than before. 

The further fate of the layers of the egg- wall was not followed owing to want 
of material of the older stages. But. if the fate is similar to the one shown by 
Slifer (1937, 1938) for Melanoplus differentialis, it may be presumed that the white 
cuticle is digested by the Tiatching enzyme’ secreted, according to Slifer, by the 
pleinopodia, while the yeUow cuticle and the chorion persist. As for the embryonic 
cuticle it has already been shown by me (Roonwal, 1937, pp. 234-235) that it acquires 
a pattern of spine-like papillae which aid in the hatching operation ; the cuticle is 
(^ast off during the intermediate moult immediately after hatching. 

(b) Discussion 

The chemical and physical properties of some of the egg-coverings of the 
grasshopper, Melanoplus differentialis, hav(i been investigated by Campbell (1929) 
and Jahn (I935rt, ft; 1936), while Slifer (1937-1950) has studied in detail the mor- 
phological structure of the egg-coverings in the same species. The chorion (especially 
the endochorion) is semi-opaque and non-chitinous and, according to Slifer (1946), 
can be rapidly (within about 2 minutes) and completely dissolved in a 2 per cent 
solution of sodium hypochlorite with no apparent effect on the development of the 
embryo. Slifer (1948) has further shown that the chorion is covered, on both the 
outer and inner surfaces, by a thin layer of hard, white, waxy material at least a 
portion of which seems to be deposited on the inner surface of the chorion before 
the egg is laid ; a secondary wax layer is probably deposited at the faydropyle near 
the posterior pole of the egg when diapause begins. 

Regarding the physico-chemical nature of the membranes of Melaywplus eggs, 
Jahn (1935a, p. 38) concluded as follows: . .it seems as if the exochorion and 
either one or both layers of the cuticle (the “yellow cuticle ” ^ and the “ white cuticle ”) 
are impermeable to K 4 Pe(CN)(j or FeCls. Similar results were obtained with 
methylene blue and acid fuchsin. Since these layers are apparently freely permeable 
to water, CO 2 and O 2 , we must classify them as semi-permeable membranes. ’ The 
endochorion of Melanoplus freely took the Prussian blue [K 4 Fe(CN)(j and FeCls] 
stain. In Locusta, as stated above, the endochorion stains deeply with iron- 
haematoxylin, but the other layers, viz., the exochorion, the yellow cuticle and the 
white cuticle, do not take that stain. 

The yellow cuticle in Melanoplus, according to Jahn (1935-1936), is non- 
chitinous, possesses a high degree of ionic impermeability and may be related to 
the ‘cuticulm’ of the insect exoskeleton. The thick and fibrous ‘white cuticle’ 
consists, according to the same author, of chitin or a compound closely related to 


1 The yellow cuticle is highly impermeable (see further). 
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chitin. Slifer (1937, p. 498) has pointed out that ‘the yellow layer confers a high 
degree of iinpernioability ^ ; while the white layer is responsible for a greatly in- 
crea8e<i toughness and resistance to mechanical injury.’ 

It is interesting to note that in Locusta the ‘thinning’ of the white cuticle begins 
even before blastokinesis. In Melanoplm, Slifer (1937) reported that the digestion 
of the white cuticle, resulting in its ultimate complete dissolution, begins about 
7 to 8 days before hatching (at 25"" C., when development is much slower), i.e., 
long after blastokinesis, from a ‘hatching enzyme’ secreted by the embryonic 
plouropofiia. It may be mentioned that in the 75-hour stage (i.e., a considerable 
time before blastokinesis which begins about the 5^-day stage) in Locv^Uiy either 
the embryo or the serosa or both start secreting a clear fluid which first accumulates 
in the posterior part of egg. During blastokinesis this fluid fills almost the entire 
posterior half of the egg and also extends between the serosa and the white cuticle, 
i (Roonwal, 1936a, p. 11) called attention to the presence of this fluid and had 
assumed that the absorption of this fluid by the ‘vitelline membrane’ {‘white 
cuticle’ of the present account) ‘not only causes it to swell but is also responsible 
for the change into a laminated structure.’ This fluid has probably little to do 
with the ‘hatching enzyme’ of Slifer (1937) which is secreted by the pleuropodia 
in MeUinoplns and is responsible for the digestion of the white cuticle. In Locusta 
also, as mentioned above, a certain degree of thinning of the white cuticle is observ- 
able before and soon after blastokinesis, but its cause is problematic. 

For facility of comparison, the various interpretations and the nomenclature 
of the layers of the egg- wall of the Acrididae are given in Table 1. 

Tablk I 

Interpretation and nomenclature of the layers of the egg-wall of the Acrididae 

by various authors. 


Sch istocerca g rega ria ( F o rsk , ) 
(Himaiti and UounwHl, 1033); 
Locusta migratoria 
migratorioides K, and F. 
(Hoonwal, 193(ki, 1937) 

Melanoplun different Mid (Th.) 
(Slifor, 1937, 1938) 

LocAista migratoria 
migratorioides f K. and F. 
(Hoonwal, present paper) 

1 . Exoohorion . . 

1 . Temporary coating 

1 . Exochorion 

2. Eadochorion . . 

3. Vitelline membrane 

1 2. Chorion 

1 2. Endochorion 


3. Vitelline membrane 
, 4. Yellow cuticle 

3. Vitelline membrane 

4. Yellow cuticle 


^ 5. White cuticle 

5. White cuticle 

(a) Outer layer 

(b) Inner layer 

4. Embryonic cuticle 

6, Embryonic cuticle 

, 6. Embryonic cuticle 


Ttiv types of eyg-tmll in (he Acrididae. — As regards the chorion, the eggs of the 
Acrididae appear to fall int(^ two principal types (Text-fig. 2) thus : 

Tjrpe I, in which the exochorion throughout lies contiguously with the endo- 
chorion and is not separated from the latter by means of large, discrete trabeculae 
or air spaces. (Example : Ijocusta migraioria migraiorioides R. and F., Text-fig. 2, a, c) 


^ it^xoept iu the hydropyle area at the posterior pole where it is freely permeable to water. 
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Type II, in which the exochorion does not lie contiguously with the endochorion 
•(except in certain narrow areas, the micropylar area), but is largely separated 
from the latter by means of large, well-defined trabeculae or air spaces. (Example: 
Schiatourca gregaria, Text-fig, 2, 6, d, c; see Roonwol, 19o4. for fuller details.) The 
physiological function of the air spaces is problematic. 



Text-fig. 2 (a-e). Diagrammatic representations of surface views of longitudinal -vertical sec- 
tions of the egg-chorion of Acrididae eggs, showing the two principal tjrpes of arrangements, 

(а) Surface view of chorion of LociMta migratoria migratorioided R. and F. 

(б) Same, of Schistocerca gregaria (Forsk.). 

(c) Longitudinal -vertical section of egg-wall of Lotyueta migratoria migratorioidea in middle 
of egg-length. 

(d) Same, of Schiatocerca gregaria in middle of egg-length. 

(e) Same, S, gregaria, at posterior pole of egg. 

Type I. (Figs, a and c). With no trabeculae or air spaces between the exochorion and 
endochorion, the two layers being contiguous. (Example; Locueta migratoria nUgraiorioidea 
R. and F.) 

Type II (Figs, b, d, and e). With trabeculeie or air spcKses present between the exochorion 
and endochorion. (Example: Schiatocerca gregaria Forsk.) 

end. ch., endochorion; ex.ch., exochorion; rd., ridge of endochorion; L, tubercle of endochorion ; 
Sr,, trabeculae or air spaces between exochorion and endochorion. 
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III. Summary 

it In the fully dovelo|)ed egg which lies in the egg-calyx and in the freshly- laid egg, the 
ogg-walJ is composed of three layers, which, starting from the outside, are as follows: — A thin 
exochorion; a tliickor endochorion with .outer tubercles; and an extremely thin viteUine 
mambrano. 

2. The micropylar apparatus, as seen in the freshly-laid egg, consists of a ring of about 
:i5"4H small, funicular canals— the micropylar canals — near the posterior pole of the egg. Eck^h 
canal obliquely traverses the entire width of the exochorion and the endochorion cmd opens 
into the egg at the inner end by means of on extremely fine eperture. 

3. By the 40-hour stage (incubation in all cases at 33° C. and in moist sand), the vitelline 
membrane is no longer seen. 

4. By the 06-hour stage, one of the embryonic membranes, viz.^ the serosa (which was 
Cormod earlier), hae secreted on its outer side (t.c., between itself and the inner face of the 
endochorion) a thin ‘yellow cuticle’, 

5. About the 75-hour stage, t)ie serosa socrotos a second layer, viz.^ the thick, laminated 
‘white cuticle*. Later on (117-hour stage), the white cuticle is soon to be divisible into two 
sharply deliriod layers, viz., and outer larnhialed layer which is much thicker and an inner and 
much tlhnnor, gbissy, non-huninated layer. The distinction between the tw’o layers gradually 
disappears after blastokinosis. 

0. Copious amouiitH of fluid Hccumulato in the posterior half of the egg from the 75-hour 
sUige onward. This fluid may bo responsible for tlio initial swelling and lamination of the white 
cuticle. 

7. From the 75-hour stage onward is discernible, at the posterior polo of the egg, a small, 
circular area whicli is cornposod of a thickened and crenulatod yellow cuticle, a greatly thinned 
white cuti(‘io and a close accumulation of heavily nucleated serosal cells. This area constitutes 
the water-absorbing area or hydropylo. 

8. kShortly before and after h 1 as t-o kinesis, the white cuticle is comparatively shrunk in 
thickmw^s apparently through chemical digestion by means of some secretions of the embryo. 
T’ho precise cause of this shrinkage is not known. 

9. In the 7. day sti^ge (about one day after blastokinosis), the embryonic body-wall secretes 
a thin ‘embryonic cxiticle’ which covers the embryo until hatching and is then cast off as the 
‘ in termed i ate moult*. 

10. The final fate of the ogg-mombranes, during the lust 4 days of development, was not 
followed. 

11. As regards the chorion, there are two typos of egg-wall in the Acrididae, thus; Type I, 
in which the oxochoriou and the endochorion are throughout contiguous with each other (tis in 
Loewila migratoria inigriUorioide»s)\ iviui d’ypo II, in whicli the exochorion and the endochorion 
do not usmUiy run contiguously but are separated by moans of large trabeculae or air spaces 
(as in Schisiocerca gre^aria). 
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V. Explanation of Plates 
Lettering 


a .p., anterior pole of egg. 

d.d.c., ‘definitive dorsal closure’ of embryo. 

end.ch., endocliorion. 

C.O., external opening of micropylar canal. 
ex.ch., oxochorion. 
ft., fluid. 

h. c.f ‘hydropyle cells’ of serosa. 

hx.. pattern of hexagonal ridges on endocliorion. 
J.O., internal opening of micropylar canal. 

i. r., inner refriujtile portion of endochorion. 
m.c., micropylar canal. 

nu., nucleus. 

o. r., outer refractilo portion of endocliorion, 

p. e.t primary epithelium (‘blastoderm’ of some 

authors). 


p.p.j posterior polo of egg. 
p.s.p.. posterior serosal patch (hydropylo 
colls). 

r., roof of micropylar canal. 
rd.. ridges of endochorion. 
ser.. serosa. 

t., tubercle or protuberance of endochorion. 
tr., trabeculae or air spaces between oxo- 
chorion and endochorion. 

v. m., vitelline membrane. 

W.C., white cuticle. 

w. c.i.y inner layer of white cuticle. 

W.C.O., outer layer of white cuticle. 
y.. yolk. 

y.c., yellow cuticle. 

y.nu., nucleus of secondary yolk cells. 


Plate XI 

Sections of eggs of Locusta migratoria migratorioides R. and F., to show the structure of the 
egg-wall. (Eggs incubated at 33° C. and in moist soil). 

Fig. 1. Portion of longitudinal -vertical section in middle of egg-length of fully developed 
egg in egg-calyx shortly before oviposition. 

Fig. 2. Ditto of freshly-oviposited egg. 

Fig. 3. Ditto. Portion of endochorion greatly enlarged, to show the refractilo 

margins and the granular, felted core. 

Fig. 4. Ditto. Portion of egg-wall at the posterior pole of freshly-laid egg. Note 

the thick endochorion. 

Fig. 6. Portion of tangential section of freshly-laid egg in middle of egg-length, to show 
the felted structure of the endochorion. 

Fig. 6 . Portion of longitudinal -vertical section in middle of ogg-length of 40J-hour old 
egg. Note the absence of the vitelline membrane and the presence of the extra-embryonic 
portion of the primary epithelium (the future serosa). 

Fio. 7. Portion of transverse section of 66-hour old egg near- posterior one-third of ogg- 
length. Note the yellow cuticle. 

Fig. 8. Portion of longitudinal-vertical section near middle of egg-length of 75j-hour 
old egg. 

Fig, 9. Ditto of posterior pole of 76j-hour old egg. Note the ‘hydropylo cells* 
and the related structures. 


2 
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Plate XII 

et<r. of o^gs of Locusta rnigrat<yria migratorioidts R. and F., to show the structure 
of egg will I . (Kggs incubated at C. and in moist soil). 

Flo. 10. Portion of traiwvorae section near middle of egg-length of 117i-hour old egg. 
Note the tbic^k, larninateri white cuticle and the chorion (ex.cA.; tnd.ch.) which is cracked in 
s^jveral f'liu es, 

Fio. ll. Portion of iransversi^ section near middle of egg-longth of egg about 125 hours 
irn. (lays) <>ld. i.e., shortly before bhistokinoBis. Note the inner (tc.r.t.) and outer (ic.c.o.) layers 
of white cuticle. 

Fio. 12. Portion of longitudinal-vertical section near middle of egg-length of egg during 
blasiokincsiH {cu. ^-l-day stage), 

Fio. IH. Portion of transverse section near middle of egg-longth of egg soon after blasto- 
UincHis (ra. Hi to 7-day stage). Note the fluid {Jl,) next to the white cuticle. 

l‘io. 14. Photomicrograph of a tlat mount of 8 * 3 roHa from middle portion of egg soon after 
hla.siokinesiH {rn. 'If to 7-«lay stage). Serosa stained with borax carmine. Note that several 
serosa I cells have two nuclei, 

l^ro. ir». Longit udinal-vcrt ical section of posterior end of 8-day old egg (2 days after 
)>lastokinesis), to show the t?gg-wall and the Bi.^roiml remnants. Note the ‘posterior serosal 
patch in the hydropyle area. The yulU-mass inside the egg is not shown. 


f^m*d Au(fu,4 /o, !U) I, 



STUDIES ON THE PHYSIOLOGY OF RICE 
VII. Effect of VAiiynsG water levels on growth of rice in 

RELATION TO NITROGEN ABSORPTION 

hy B. N. Ghosh,* Department of Botany, Calcutta UniversUij 
(Communicated by I. Banerji, F.N.I.) 

(Received February 16; after revision September 10; read December i, 1953) 

Introduction 

It hm been found in America by Briggs and Shantz (1914) and in Bengal at 
the Dacca Agricultural Farm (1925-26) that water requirement of rice is not much 
different from cereals like rye which are grown in dry field conditions. But rice 
is well known for its characteristic adaptation to wet condition. In practice rice 
is grown under a variety of field conditions. At one end, fields are situated at 
high levels without standing water and at the other, there are fields which are several 
feet under water during the growing period of the plant, and there are many inter- 
mediate conditions between these extremes. In low lands it is practically the 
only cereal crop grown. So the relation of water to operations like puddling the 
soil and transplanting the seedlings and also the maintenance of proper conditions 
in the fields is very important. The success of the crop depends on an adequate 
supply of water. Excessive supply by irrigation not only consumes water that 
might advantageously be used elsewhere, it has also an injurious effect on the soil, 
causing deterioration of its physical condition, accumulation of soluble salts and 
the formation of toxic products. Further it is expensive to irrigate the fields while 
rainfall is uncertain. These present difficult problems in rice cultivation. It 
therefore seems essential to investigate the optimum water relations of the plant 
as well as to study the resistance of varieties to comparative drought and flood 
water. 

In order to elucidate the water relations of the rice plant under different con- 
ditions and to determine its optimum water requirements and the critical stages 
of watering, investigations have been taken up in this laboratory. The present 
paper deals with a study of the effect of watering on growth and nitrogen content 
of three varieties of rice, KcUaktara, Bhvimuri and Bhasamaniky which are widely 
cultivated in West Bengal. 


Experimental Proobdtjrb 

The effects of water supply were studied in plants grown in pots in the cemented 
tanks situated in the fields of the Department of Botany, Calcutta University. 
There were four levels of watering: (A) no water in the tank, pots watered to 
maintain a certain condition of soil moisture; (B) water in the tank up to the soil 
level of the pots; (C) and (D) y and 6'" water level above the soil surface. The 
experimental tanks are shown in Pig. 1; these are 10' x 7' in size and 2' deep, one 
foot below the ground level and one foot above. The tanks were provided with 
stoppered outlets at different levels so that they could either be completely drained 


♦ Present address, State Agricoltural Research Station, Chinsurah, District Hooghly. 
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out or tho (ie«irc<l level of water could be maintained in them. Four such tanks 
were used for tlie four watering treatments. 

Seeds of pureline varieties of early ripening aus, Kataktara &,na Bhutmuri 
and a late rifK*ning atnan^ Bhasamanik, were graded for uniformity of size and 
colour, Hterilized in 0 2% formalin for four hours, dried and sown in replicated 
«e<Mlbe(ls on June 4, 1934. After six weeks of sowing, the seedlings were trans- 
planted in lO^'xlO'' earthenware pots which were filled with an equal quantity of 
soil previously well inixttd with one-eighth part by volume of cowdung manure. 

The seedlings were carefully uprooted from the seedbeds, and their roots 
wasluMl. Th(*y were selected for uniformity of size and any seedling showing a 
tiller was rejected. Tliey were transplanted singly. At the time of transplantation 
the {)ots were iitnnersed in w ater an(l a level of water aj)proximately an inch above 
the soil in pots w(ts fnaintained in all the four tanks for five days after trans- 
plantation to enabl(‘ tlui secMllings to settle in their new habitat. Ten seedlings 
of each variety w ere tc.ken for (^ach treatmefit. The pots w ere placed in the middle 
of the tank in live‘ rows of six pots each, leaving about one and a half to two feet 
Hpac (5 b<‘twe(‘n tlu se and th<‘ walls to avoid shading of tlie plants. 

Watering treatment was started from the sixth day after transplantation. 
Tank *A’ was completely draimd. Water level in tank ‘B’ was lowered up to the 
soil level in the pots. In tanks ‘(T and there were three and six inches of water 
Htanding on the soil in fK^hs. VVJieii ear emergence was complete in these varieties 
the [)lants were gradually luouglit to condition 'A’ with a view to bring them under 
drier conditiiui during the lau iod of ri|)cning. 

'filler count and mefwurernent of growtli in height of the plants were made 
evi*ry week during their growing period. Ear emergence note was taken in Katak- 
fata and Hhuimari, during the 7th, 8th and 9th week after transplantation; ears 
in fihasamnnik were counted only at harvest. 

Five out of t(‘j\ plants of each variety under all the watering treatments were 
sampled during the 7th vvetk after transplantation, 'fo make the sampling uniform, 
equal inimber of plants of the different varieties under the different treatments 
were taken every day. In all, sixty |K}ts were sampled at this time, twenty-four 
}H)ts a day ou the first two clays and twelve |>ot8 on the third day. The leaves 
wen^ removed at their bsse, wiMghcd and kept in a beaker dipping their cut ends 
in the water. Their area was subsequently (letermiiK'd. At this stage one or two 
leaves on the plant w'('re dead; these were separated from the green leaves and 
their dry weight only was determined. The plants w'('re separated from the roots 
at the Iwuse. The crowui was cleared by removing the soil attached to it. The 
stems wore then weighed. The roots in the pot were thoroughly washed in a stream 
of water in a sieve. To obtain the dry weights, the different parts wore dried to 
constiuit weight in an electrii^ oven at lOO^C. The replicates were subsequently 
mixed, ground and then stored in sealed bottles for nitrogen determinations. 

The rtunaiuiiig pots were sampled at harvest. Kataktara and Bhutm'iiri were 
harvested on Oot<d)er 10 and 11 and Bhasawanik on November 19, 1934. 

The final height of the plant was determined by measuring the length of the 
longest shoot of the plant. The ears were separated from the shoots at the node 
ami their length measured. The dry weight of the straw , the ears and the roots 
were determined. The grains were subsequently separated from the ears and 
their dry weights determined. The grains of the replicated plants were mixed 
and the dry weight of a single grain was determined at the average of 760 grains 
taken from these at random. 

Experimental Results 

The results are presented w’ithout statistical analysis as the individual data 
are not now available. The differences betwreen the treatments are so marked 
that valid conclusions can be drawn without statistical evidence. 
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Tillering . — ^The tillers were counted every week from the 2nd week after 
transplantation to the 9th week in Kataktara and Bhutmuri, and 10th week in 
Bhasamanik; the final count was made at harvest. The figures obtained for tiller 
numbers include the main shoot. The data are given in Table I, and graphically 
represented in Fig. 2. Tlie curves show that the number of tillers steadily rises 
and reaches a maximum within seven or eight weeks after transplantation. This 
is followed by a fall to a constant number which is maintained at harvest. 


Table I 

Mean number of tillers per plant 


Watering 



Weeks after Transplantation 



Harvest 

i 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Ripe j 

Unrij^e 


Kataktara 


2-0 

3-8 

6-0 

0*7 

71 

7-3 

7-2 

7-2 

. . 1 7*2 

13 

4-7 

7*2 

11. 0 

110 

11*7 

12-2 

12-2 

12*2 

l-O 

2*3 

4*8 

9-7 

! 10-3 

1 10-7 

10-8 

10*8 

. . 10-8 

l-O 

20 

3r) 

7-7 

81 

8-2 

1 7*8 

* 7*8 

' . . I 7-8 


Bhutmuri 


3-0 

0-4 

9*3 

12-9 

14-7 

150 

150 

15-2 


14-6 

2*9 

9*4 

15-2 

191 

19-2 

19-7 

19-2 

19-2 


17-8 

1*7 

6-4 

11-3 

19-8 

19-9 

20-3 

20-6 

20*2 


18-4 

1-4 

4-8 

9-3 

17-0 

170 

17-5 

16-4 

164 


16-4 


Bhasaynanik 


A 

31 

6-2 

9-3 

14*4 

18*3 

18*0 

17*8 

17-2 

17*2 

17*2 

0*4 

B 

2-2 

5-8 

12*2 

20*1 

20*0 i 

20*8 

19*2 

18*6 

18*0 

15*8 

1*0 

C 

1*4 

4*2 

8*9 

ie-2 

16*1 

17*7 

17*0 

168 

16*0 

15*2 1 

0*8 

D 

1-3 

3*2 

7*4 

141 

14-2 

140 

12*8 

12-8 

12*2 

11*8 

0*2 


In Kataktara tillering was maximum under ‘B'; with further increase in water 
under ‘ C ’ and ‘ D it was reduced. Tillering was minimum under ‘ A \ In Bhutmuri 
tillering was most rapid under ' B ’ up to the fourth week after which it was largest 
in 'C\ The maximum number of tillers in this variety was produced in ‘C’, but 
under ‘D’ it was reduced. Tillering was minimum in ‘A’. In Bhasamanik tillering 
was maximum under ‘ B * under ‘ C ’ and ‘ D ’ it was progressively reduced. Tillering 
under ‘A* lies between ‘B’ and ‘C’. 

The nature of the effect of watering on tiller growth in all the varieties used 
appears to be the same. Bhutmuri indicates a greater aflSnity for water than 
the other two varieties, Kataktara and Bkasarruinik, Singh et ah (1935) have 
observed varietal differences in the water requirement of rice. 

The level of the curves shows that water standing above the soil suppresses 
tillering. This result corroborates the findings of Agricultural Department of 


♦ In another paper on ‘ Physiological studies on the effect of varying water levels on growth 
of rice in relation to carbohydrate metabolism of the leaves’, tillering was maximum under ‘A* 
and not under ‘ B * €is observed in the present paper. This difference may be due to the difference 
in watering under ‘A’ in the two ex^riments. The exact moisture content of the soil was not 
measured. 
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Flu. 2. Showing tho offoct of varying water levels on tillering in Kataktara, Bhutmuri 

and Bhammanik. 


Bengal (Re{^)rt, 1925-20) that water standing in the field during early period of 
growth after traiLsplantation suppresses tillering in rice. 

In the early ripening varieties, Kataktara and Bhutmuri, tillering was minimum 
probably beeauscv water was limiting their rapid growth. In Bhammanik which 
grows more slowly over a longer perio<l, condition ‘A’ does not show a limiting 
effect t^ an equal extent. 

With the maturation of the shoots there was a second crop of tillers from the 
base of the plants. In Kataktara and Bhutmuri the number of these new tillers 
was considerable. Immaturt' tillers at harvest in Bhasamanik were very small. 
Watering treatments had im^x^rtant effects on these new tillers. The number of 
these new^ tillers was maximum under ‘A’, and progressively reduced under con- 
ditions of increascKl water supply. 

Height —1^0 measurements w'ere taken; one from the surface of the soil up 
to the base of the uppermost leaf on the biggest shoot of the plant, and another 
up to the highest leaf tip. The first measurement indicated the development of 
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the stem, while the second was the measure of the height of the plant. The data are 
giren in Table II. 

Table II 

Plant height and stem length in centimetre 


Weeks after Transplantation 


vvatermg 

2 

3 

4 

6 

6 

7 

8 

9 

10 

Harvest 





Kataktara 




A 

14-8 

19-9 

22-9 

27-4 

50-2 

76-4 

89*5 

90*4 

.. 

90*8 

A . . 

62-6 

66-6 

74-9 

82-8 

91-6 

109*9 

120*4 

110*5 


115*7 

-p 

15-4 

21-0 

24*1 

27*7 

39-9 

05*5 

92*3 

95*7 


94*4 

. . 

60-9 

65-2 

73*2 

84‘4 

91-5 

100*6 

119*4 

121*0 


124*2 

p 

14-6 

19-4 

23-6 

26-5 

33-4 

52*4 

78*2 

95*2 


97*3 

. . 

60-7 

60- 0 

721 

78-8 

88-1 

97*9 

110*7 

122*0 


124*4 


14-2 

20-6 

24-5 

28*2 

34-3 

51*7 

73*3 

94*7 


100*5 

LI . . 

61-7 

63-8 

70-0 

79-2 

! 91*8 

102*0 

111*3 

123*9 


126*1 


Bhuirnuri 


A 

18*6 

67*3 

24*0 

70*2 

25*9 

72*4 

28*5 

79*4 

40*3 

87*0 

64*9 

102*0 

82*6 

116*4 

84*2 

116*8 


89*0 

108*1 

B 

13*0 

68*8 

23*8 

69*9 

27*2 

73*8 

28*9 

81*2 

36*7 

84*3 

61*6 

96*3 

83*9 

112*1 

95*0 

119*9 


06*3 

118*6 

C 

18*4 

69*4 

22*9 

69*8 

26*5 

72*3 

27*9 

77*2 

33*5 

83*3 

53*6 

93*0 

80*1 

108*6 

96*9 

120*0 


99*6 

122*4 

D 

18*1 

64*8 

24*2 

66*2 

28*2 

73*9 

28*9 

78*6 

33*8 

84*7 

63*7 

93*7 

80*1 

108*7 

96*6 

120*8 


101*7 

122*6 


Bhasamanih 


A 

14*9 

68*6 

19*3 

64*2 

22*1 

68*6 

24*2 

72*9 

25*7 

77*9 

28*0 ! 
84*8 

29*5 

88*7 

32*3 

93*9 

38*8 

102*3 

95*4 

120*3 

B .. 

13-9 

37-2 

20*2 

61*4 

23*2 

68*9 

23*9 

71*3 

26*9 

73*7 

28*9 

81*7 

32*7 

89*5 

35*1 

96*1 

43*2 

103*9 

106*6 

131*7 

c 

141 

58-9 

20*1 

62*1 

22.8 

70*7 

23*7 

73*8 

26*3 

77*3 

29*4 

85*0 

32*2 

93*9 

35*9 

100*1 

43*4 

105*9 

110*0 

135*7 

D 

16-3 

58-2 

21*9 

63*1 

24*6 

70*2 

25*5 

76*1 

27*5 

78*8 

30*1 

85*9 

32*8 

93*9 

35*8 

99*7 

43*1 

107*1 

113*0 

138*8 

1 


During the first six weeks after transplantation the stem grew very slowly in 
KcUaktara and Bhutmuri, after this it elongated very rapidly up to a point after 
which the rate of elongation fell again. In Bhasamanik the slow rate of growth is 
prolonged corresponding to its loiter growing period. During the early period 
when growth rate of the stem was very slow, showing very little effect of watering 
on the plants. But in the other varieties stem elongation started first under ‘A’ 
and it was delayed with increasing water. Finally, however, the stem length 
increased with increasing water level* In Bhasamanik the growth rate of the 
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flf cm was more or leas uniform up to the 10th week after which there was only one 
measurement at harvest. The effect of water increasing the height of the plant 
in this cfase was evident comparatively earlier. 

Fr(>m the data it is seen that there is no sudden rise in the case of the actual 
height of the plant like that in the stem. The rise is uniform. This is due to the 
fact that the earlier leaves are longer and the later leaves are gradually smaller. 
1'l)e efh t^t of the watering treatments on the height of the plant is determined by 
th(; height of the stem. The final plant height and stem length determined at 
harv(‘st are shown in Fig. H. The effects of water level on the increase in the height 
of the plant and stem length are very marked. These have also been confirmed 
by Sen (1937) in field culture. 


4 > 


^PLANT height 
11'^ STEM LENGTH 



A B C D 
8HUTMURI 


Fio. 3. 


A B C D 
bhasamanik 

Kffool of varying wat('r Iov(‘Ih on plant lioight and stem length in throe varieties of 
nee. Note increusi' in plant height and stem length with rise in water level. 


Aar emergence Ears began to emerge in Kataktara and Bhntmuri seven 
weeks after transplantation. The data for ear emergence were taken thrice, and a 
final count was nuuh? at harvest, in Bhasamanik ears were counted only at harvest 

Iriowering was most rapid under and it was increasingly delayed with 
mcn*iksing water lev(‘l (Table III), while in the field expL^riment (Sen, 1937) cracked 
condition delayed flowering in the aiis varieties and the process was hastened under 
inonnising moisture conditions of the soil. 

These contra(Uet<iry results are due to the amount of soil moisture In the 
pot culture exiH-riment water under ‘A’ was limiting, thus inducing rapid 

t.he vegetative growth was prolonged 
In the held sod moisture even under cracked condition was not limiting but the 
comiwrative moisture deficiency of the soil reduced the rate of growth. 

I'^r primarily determined by the number 

of shoots in a plant. In Bhammamk h,rgi^at number of ears was produced under 

^1 f produced in a plant (Table III) shows an inverse 

relationship to tillering in their response to watering. In Kataktara and Bhasamanik 
this value is mimmum under ‘B’ where tillering is maximum. 

The data for len^h of ears per plant are given in Table III. The lencth of 
oar was reduced under A irrespective of varieties. In Kataktara it row to a 
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Tabu III 


Number and length (in cm.) of ears per plant 


Watering 

Weeks after Transplantation 

Length 
of Ears 

7 

1 

8 

9 

Harvest 

Ears 

as p.c. of 
maximum 
tillers 




Katakiara 



A 

1 3-6 

6*8 

' 6-8 

1 0-8 

93 1 

24-9 

B 

0'17 

6-4 

10-6 

10*6 

87 1 

29-8 

C 

0-0 

1 2-4 

10*0 

100 

93 

27-1 

D 

1 0-0 

1 1'2 

7-8 

7-8 

95 

24-6 




Bhutmuri 



A 

1-0 

8-8 

13 2 

13-2 

87 

19* 1 

B 

0-0 

7-8 

15-2 

15*2 

77 

22-2 

C 

0-0 

4*8 

10-2 

16-2 

79 

22-8 

D 

0-0 

40 , 

150 1 

160 j 

80 

20-9 




BhdAamanik 



A 




17-2 

94 

24-9 

B 




14-6 

73 

25- 1 

C 




14*4 

81 

25-7 

D 




110 

82 

25-8 


maximum under ‘B’, under ‘0’ and ‘DMt was reduced. In Bhutmuri length of 
ears under ‘B’ and ‘C’ was almost similar but maximum under *C'; under ‘DMt 
was reduced. In Bhasanianik the length of ears under ‘C and ‘D’ was greater 
than that under 'B\ 

Leaf Arexi , — The area of the total leaf surface of the plants was determined at 
the time of 1st sampling, made six weeks after transplantation. The leaves were 
removed at their base. The length and maximum breadth of each leaf was measured 
directly with a metre scale. At the same time an estimation of the an^a of all the 
leaves from the tliree largest tillers of three of the five plants sampled was made 
with a planimeter. The length and breadth of each individual leaf when multiplied 
gave a ‘leaf product’ which was an estimate of the leaf area. Dividing the actual 
area of every planimetered leaf by the leaf product ‘a factor’ was obtained. The 
average of this factor for the plants under each treatment was employed to convert 
the leaf product to real leaf area. The data are presented in Table IV. 

From the data it is clear that the total leaf area of the plant is determined by 
the number of tillers. The effect of the watering treatments on tillering is reflected 
on the total area of leaf surface. 

The low value for leaf area in BhtUmuri under ‘C’ in spite of high figures for 
tiller number may be explained by the fact that under this condition tillering was 
lower than under ‘B’ up to the fourth week after transplantation; it was only 
after the fifth week that tillering was maximum under ‘C’ (Table I). A considerable 
number of tillers at this stage, therefore, must be very young which had produced 
only a few leaves. 

The average area of a single leaf is also given in Table IV. In all the varieties 
of rice used, area of a single leaf increased with increasing water level. The effect 
W8^s most clearly shown in Bhaaomanik. 
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Tabie IV 
Lmf area in sq, cm. 


Wit tori nx 

i 

1 Kataktara 

! 

BhtUmuri 

Bhasamanik 

! 

Av'omgo 
lout' area 
por plant 

Average 
area of , 
a Hingle 
loaf 

i Average 
leaf area 
per plant 

Average 
area of 
a single 
leaf 

Average 
loaf area 
per plant 

Average 
area of 
a single 
leaf 

A 

831-7 

30-5 

1,188-7 

18-1 

1,281-6 

14-9 

H 

1.291-3 

31-2 

1,635-3 

18-8 

1,254-5 

15-1 

(' . . i 

l.lOrrCi 

31-4 

1,340-7 

18-8 

1,102-0 

16-4 

1) 

1,001*7 

31-1 

1,299-9 

19-2 

1,179-1 

17-2 


IVnter co7ilent. — Wut(T content f)f the fltem and leaf of the plant was determined 
at the tini<' of 1st sampling, i.e., after six weeks of transplantation. The data are 
presented in Tahh^ V as percc'Utagc of dry matter. Percentage of water content 
in both stem and Itaf iuoreas(‘d with rise of water level. 

The iucTcose of wak^r content of leaf from ‘C* to 'D* was little, but in stem 
percentage of water considerably incre^vsed from ‘C* to 


Tabub V 


Water content of stem and leaf as percentage of dry weight 


Wnteriiig 

Kataktara 

Dhutmuri 

Bhasamanik 

Ntem 

Leaf 

Stern 

Loaf 

Stem 

Leaf 

A 

532 

236 

440 

253 

02.') 

269 

B 

553 

2H9 

507 

264 

624 

298 

V 

590 ' 

322 

567 

272 ; 

700 

305 


703 

320 

618 

286 

751 * 

306 


I 


[>ry wight data . — Tho data for total dry weight per plant and its distribution 
in r<K)t. stem and leaf after six weeks of transplantation are given in Table VI and 
graphieally represented in Fig. 5. 

In all the varieties n-sed, the total dry weight of the plant and its distribution 
in root, stem and leaf increases in ‘B’, and then falls with further rise of water level. 
Plants of tliffennit varieties at this stage are shown in Fig. 4. In Table VII are 
given the dry weight data of the plant at harvest. The total dry weight of the plant 
at this stage shows the same relationship as before. Dry weight of root, straw 
and ears also show a similar effect in Kataktara and BhiUmuri. In Bhas’amanik 
the dry weight of ears under ‘A’ is very much reduced, as a result the drs' weight 
of straw in this variety of rice is maximum under ‘A’. 
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Table VI 

Dry weight in grm, per plant after six weeks of transplaniaiion 


Water- 

ing 

1 Kataktara 

Bhutmuri 

Bhasatnanik 

Root 

Stem 

Leaf 

Whole 

plant* 

Root 

Stem 

Leaf 

Whole 

Plant* 

Root 

Stem 

Loaf 

Whole 

Plant* 

A .. 

2-85 

10-50 

4-44 

18-20 

3*35 

12-24 

5-85 

22-37 

4-30 

7-17 

6-64 

17-5 

B . . 

3-38 

12-50 

6-13 

22-40 

4-12 

15-79 

7-07 

28-30 


8-03 

5-96 

20-6 

C . . 

2-62 

8*27 

5-50 

16-90 

3-52 

11-67 

6-41 

22-50 

3-75 

6-40 

5-46 

16-8 

D .. 

2-22 

6-96 

4-98 

14-90 

3-31 

10-65 

i 

5-14 

20-50 

3-31 

6-90 

4-78 

14-9 


• The dead parts of the shoot are included in the dry weight of the whole plant. 



Levels of Ufatcrlng 


I* 


Peroenfage Nitrogen — 
Dry Weight 


KATAKTARA 


BHUTMttRI 



Levels of Watering 


I 

.6 


P 



I 

i 


Fio. 5. Showing the effect of varying water levels on the dry weight and nitrogen content of 
root, stem and leaf of Bhasarmnik, Kataktara, and Bhutmuri after six weeks 
of transplantation. 
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Table VH 


Dry weight in gm, per plant at harvest 


VV'iOer- 


Katakhira 

! 

1 

lihutmuri 

Bhasamanik 

inK 

Knot 

Htiavv 

Kiirs 

Whole 

phiiit 

Hoot 

Striiw 

Ears 

Vyholo 

plant 

Root 

Straw 

Ears 

Whole 

plant 

A . 

i(ir> 

lH-3 

210 

41-5 

1-06 

23 5 

24-6 

481 

8-59 

66- 1 

29-4 

104* 1 

H . . 

3 ' so 

27- 1 

28«4 

30-3 

2*87 

30-3 

59*4 

62-6 

10-60 

62-2 

40-9 

113-7 

C . . 

2«4H 

22-0 

24-3 

49-4 

2-76 

27-4 

27-0 

67-8 

9-42 

68-2 

390 

106-6 

1) . . 

100 

lS-2 

1 

21-5 

410 

2 09 

25*7 

260 

53-8 

7-17 

50-2 

35-4 

92-8 


The total dry w(‘i^ht of ^aiiis per plant and the dry weight of a single grain 
ar(‘ presenti'd in Table VI! I. Yield of grains per plant increased in ‘B*, with further 
inerefise in th(^ wat(‘r level it was reduced. Single grain weight was similarly 
affected in Kataktara and Uhutmuri, but in Bhammanik single grain weight is 
found to hav(‘ inereiised with rise in water level. 

(irain yi(‘ld we-s calculated on the basis of 100 gras, dry weight of the whole 
plant in ord(M* to study its relation with the dry matter produced per plant under 
diflenuit conditions of water supply, and the data are presented in Table VIII. 
The efhict was v(‘ry little in the two varieties, Kataktara and Bhutmuri, but in the 
late rijsuiitxg aman variety, Bhamwanik, the |K'rcentage of grain yield increased 
with inen*;cm*(l soil moisture. This differenee in the varieties of aus and amnn paddy 
is j)OMHibly due to the dilfiTenees in the time of their flowering. The early ripening 
nus varieties startl'd flowt'i ing about seven weeks after transplantation, i.i'., in early 
Septiunber when the rains weri' not yet over. For this reason the soil moisture 
iiiuler ‘.A’ was not. limiting. But in lat(' October during the |X'rio(l of floral 
(h'velopnu'iit in Bhnsatnauik rainwater wjis scarce, eonseqiu'ntly soil moisture under 
A * was (h'tieit'Ut for the di'velopment of flowers. 


Tablk VIU 


Grain yiehi of three varieties of rice 


Water- 

ing 

Kataktara 


lihutmuri 


Bhasamanik 

(irain j 
per 
plant 

j Sinjjrlo 
Vjrain 

O' 

- o 

grain to 
whole 
j plant 

Grain 

per 

plant 

(iua.) 

Single 

griiin 

(mK-) 

0/ 

/o 

grain to 
wliole 
plant 

( Train 
per 
plant 
(vm.) 

Single 

grain 

(ing.) 

0/ 

/o 

grain to 
whole 
plant 

A . 

20' 1 

10' 9 

48 4 

22 6 , 

18'S 

46*9 

19'S 

14-7 

19-0 

B 

26-9 

17-9 

453 

27-3 

20*3 

43-6 

34-5 

17-0 

30-3 

C 

23-2 

171 

46-9 

25-9 

189 

1 

44-8 

32-3 

17-4 

30-3 

D 

20-6 

16-7 

49-5 

1 24-8 

19' 1 

j 46-1 

30*3 j 

17-8 

32-7 
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In this work watering was not controlled by determining the soil moisture at 
regular intervals. Tlie treatments were designed mainly for the first seven weeks 
after transplantation. An investigation controlling watering during the flowering 
period should elucidate the water relations of the plant with its floral development. 

Chakladar (1946), in an investigation on the iiifluenco of soil moisture on the 
yield of paddy, has reported that none of the plants under 33% saturation 
formed seeds though some of them had flowered, while the plants under 76 and 
50% saturation formed seeds showing that water is essentially necessary during 
the flowering stage for seed formation. 

Dry weight of root in the aus varieties did not show any increiise at harvest 
than that after six weeks of transplantation, on the otlier hand, it was very much 
reduced (Tables VI and VII). In the aman variety root increased in dry matter 
showing that at the time of the first sampling the plant was at an early stage of 
growth. 

The reduction of dry matter in root was greatest under ‘A’ when the largest 
number of second crop of tillers produced. The roots translocate all their reserve 
materials for the development of the new shoots thus decreasing in their weight. 

In 1935 the effect of varying conditions of water on growth and nitrogen content 
was repeated with Bhasamcmik. Two more tanks ‘E' and ‘F’ had been added, 
which had 9" and 12'" of water respectively above the soil level in tlie pots. In 
this case four samples were taken. The first sample was taken three weeks after 
transplantation, the second after six, the third after lune and the fourth at harvest. 
To obtain the dry weights of the different parts of the plant, roots, stems, leaves, 
straw and grains, were dried to constant weight in a gas oven at 100 db 1°C. The 
replicates were subsequently mixed, ground, and then stored in scaled bottles with 
proper labelling for nitrogen determinations. 

The data for total dry weight per plant and its distribution in root, stem, loaf, 
straw and grain of Bhasanianih of four samples are given in Tables IX and X, and 
graphically represented in Fig. 6. 


Table IX 

Dry weight in gm. of root, stem and leaf of Bhasamanik after three, six and nine weeks of 

transplantation (1935). 



Root 

Stem 

Leaf 

Water- 

ing. 




Weeks after Transplantation 




3 

6 

9 

3 

6 

9 

3 

6 

9 

A 

0-43 

1-50 

3*91 

0*74 

3*96 1 

1M4 

0*61 

3*14 

6*16 

B 

0-53 

3-68 

6-48 

0*95 

6*45 

12*91 

0*83 

3*89 

6*33 

C 

0-40 

2*69 

5*25 

0*82 

4*64 

9*96 

0*74 

2*98 

4*.18 

D 

0-46 

2*45 

3*76 

0*84 

4*13 

8*17 

0*66 

2*74 

3*60 

E 

0*33 

2*08 

3*70 

0*89 

3*73 

7*62 

0*67 

2*49 

3*26 

F 

0*24 

1*47 

2*83 

0*66 

2*93 

6*78 

0*46 

2*22 

2*68 
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Tablb X 

Dry weight in gm. per plant of Bhasamanik at harvest (1936), 


Watering 

Root 

Straw 

Ears 

Grain 

Single 
grain (mg.) 

A 

413 

29-00 

14-99 

11-48 

11-76 

B 

4-86 

24-84 

16-18 

13-66 

14-60 

C 

4- 10 

21-17 

15-29 

13-19 

14-79 

1) 

3*40 

18-70 

14-53 

12-40 

15-21 

K 

2*80 

15-12 

13-14 

11-78 

15-34 

F 

2 10 

14-45 

9-74 

8-56 

15-10 





Fio. 6. Showing tho eflfoot of varying water levels on the dry weight and nitrogen content of 
root, leaf, straw and grain of Bhasanuinik. 1 — three weeks after transplanta- 

tion ; 2 — six weeks after transplantation ; 3 — nine weeks after transplantation ; and 
4 — at harvest. 
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The total dry weight of the plant of first three samples and its distribution in 
root, stem and leaf increases in ‘B*, but it is falling with farther rise of water level. 
At harvest, however, the dry weight of the straw has its maximtim value in *A*, 
decreasi^ steadily with increasing the water level. The dry weight of root, ears 
and grains per plant has a maximum value in ‘B*, and then falling with increase 
of water level. Dry weight of a single grain increiises with increase of water up to 
‘E' and then falling in 


Nitrogen Content 

In 1934 the percentage of total nitrogen in root, stem and leaf of KaUiktam, 
Bhutmuri and Bhasarnanik was determined after six weeks of transplantation by 
the usual Kjeldahl method. The previously powdered and dried material was 
first finely ground in a mortar, and then three samples each about 2 gms. wtTe 
weighed. Two of these were taken for nitrogen estimation as replictvtes and the 
third dried to constant weight at 100°C. for finding the dry matter. 

All the results were calculated on the dry weight basis and corrected for a small 
blank for the reagents. The agreement between replicates was very good. The 
nitrogen content data are presented in Table XI and graphically represented in 
Fig. 6. 


Table XI 

Total Nitrogen aa percentage of dry weight after six weeks of transplantation {1934), 


Water- 

Kataktara 

BhiUmuri 

Bhasamanik 

ing 

Root 

Stem 

Leaf 

- 

Root 

Stem 1 

Leaf 

Root 

Stem 

Leaf 

A 

106 

0*85 

i 

2-72 

1-23 

0-88 

2*49 

Ml 

0*79 

2*62 

B 

0-77 

0-79 

2-48 

0-89 

0*74 

2*48 

0-89 

0*74 

2*29 

C 

0-76 

0-86 

2-52 

0-86 

0*84 

2*27 

0*84 

0*85 

2*62 

D 

0-72 

0-94 

2-96 

0-82 

0*92 

2*49 

0*84 

0*83 

2*67 


Percentage of nitrogen in roots of Kataktara, Bhutmuri and Bhasamanik is 
maximum in ‘A’, and then steadily decreases with increase in water level; while 
the maximum dry weight of root in these varieties is found in ‘B^ and then 
falling with increasing water levels xmder ‘C and Both nitrogen content and 

dry weight of root are minimum in ‘D’, irrespective of varieties. This shows that 
the nitrogen content of root decreases with increase in water level. 

In stem and leaf of Kataktara, Bhutmuri and Bhasamanik nitrogen content is 
maximum in ‘D' and minimum in ‘B’, while the number of tillers, total leaf area 
per plant and the dry weight of stem and leaf is maximum under 'B* and gradually 
decreases with increase in water level. This shows an inverse relationship between 
tillering, total leaf area and dry weight on the one hand and nitrogen content on 
the other. 

Again in 1936 the percentage of total nitrogen in root, stem, leaf, straw and 
grain of four samples of Bhasamanik which were taken three, six and nine weeks 
after transplantation and the fourth one at harvest, was estimated as before. The 
data are given in Tables Xll'and XIII and graphically represented in Fig. 6. 
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Table XII 


Nitro^}^. i content of roof, stem and leaf of Bhassraanik after three, six and nine weeks of 

transplantation (1935 ) . 




Uout 


8t«m 

I^af 

VVator- 

inM. 




VVookH Transplantation 





n 

6 

0 

1 

3 

9 

9 

i 

3 

9 

9 

A . . ! 

0-99 

0-79 

UC)5 

0-H(> 



0-99 

0-56 

2-19 1 

i 

2-49 

1-80 

H 

l()»i 

0-53 

0-.')0 

0-99 

0*97 ' 

0-47 

2-55 

1-93 

1*64 



1 

()-<)9 

0(>5 

1-24 

<)-7l 

0-52 

3-01 

2*02 

1-69 

1) 

M3 

U-()5 

0-54 

l-0(> 

0-75 

0-51 

2-61 

204 

1-71 

10 

III 

ur>9 

o*r»9 

Ml 

i 

U-74 

()-4K 

2*65 

00 

1-80 

1’ 

1 25 

j ()-71 

0-71 

M C) 

0-78 

0-54 

292 

210 

1-89 


Taulk XIII 

Silrotjcn content of Bhartiirtianik at harvest (1035). 


1 

Watering | 

Boot 

Straw 

Grain 

1 

A .. ! 

0-73 

0-49 

1-40 

B 

0 90 

0-42 

1-09 


0 94 

0-45 

1*09 

I) 

0-99 

0-49 

1-02 

K 

0-97 

0-48 

M5 

K 

0-99 

0-57 

M4 


Poroentftgo of nitrogen in root, and leaf of the first sampling which was 
taken tliree weeks after transplantation, increases generally with increase of water 
level. Nitrogen content of root, stem and leaf is found maximum under ‘C’ and 
minitnum under ' k\ In early stages nitrogen content of root, stem and leaf seems 
to be accumulated under water- logged condition due to very restricted growth 
of the plant. 

Percentage of nitnigen in roots, stems and leaves of second and third sampling 
which were taken after six and nine weeks of transplantation resi)ectively, is minimum 
under ‘ and then gradually iucreivses with the increase of water. The dry weight 
of roots, stems and leaves of second and third sampling is maximum under ‘B* and 
then gradually decreases with increase of water level, minimum being under 
Thus the jx^rcentage of nitrogen shows an inverse relation to the dry weight. The 
results of stem and leaf of second and third sampling confirm the previous years 
data (Table XI). 
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With advancing age of the plant there is a gradual tendency of falling of 
nitrogen content in root, stem and leaf in all the treatments, except in ‘A' and *B’ 
where percentage of nitrogen in root somewhat rises again at harvest. This oorres- 
ponds with the decrease of nitrogen in the stem and leaf — the soluble nitrogen being 
translocated into the root with the death of the upper part of the plant. Tills 
downward translocation of nitrogen is possibly related with the growth of the new 
tillers. The number of these new tillers was maximum under *A^ and increasingly 
reduced with increased water levels, as is found in Table 1. Under relatively 
deeper water treatments no such rise of nitrogen is noticed. Percentage of nitrogen 
in the straw seems to be very little affected by the treatments, except under 
where a higher nitrogen content is found. On the other hand, the highest percentage 
of nitrogen in the grains is obtained under ‘ A\ 

In root, stem and leaf, percentage of nitrogen is highest in the early stages of 
growth of the plant. Sen (1946) also found higher percentage of nitrogen in the 
earlier leaves than in the later leaves. 

Discussion 

The results presented in this paper show that water standing above the soil 
level suppresses tillering and consequently the total yield is much reduced (Tables I 
and VIII). Height of the plant increases as the water level rises (Table II). The 
mechanism of the increase cannot be precisely explained since in this study the 
measurement of the length of the internodes with the rise of water level has not 
been taken. However, it may be stated that the increase in plant height dependent 
on the expansion phase of the growth of the internodal cells is related to the water 
content of the stem. This is clearly indicated in the treatments where rise of water 
level has increased the water content of stem (Table V) along with plant height. 
In ‘A’ and ‘B’ water content is less than under 'C’ and ‘D*; water supply in these 
cases may not be available to the same extent for the elongation of the internodal 
cells as under standing water levels ‘C* and ‘D*. This would possibly explain why 
the individual internodes remain shorter than those where rise of water level accele- 
rates the extension growth of the stem length. Crowther (1934) has reported 
increased plant height and internodal length of cotton with increased water supply. 

^ In leaves also similar relation between water content and leaf area is noted (Tables 
IV and V). Thoday (1910) working with Helianthus showed that the leaves 
expand with increase of water. In the leaves of barley similar relation has been 
recorded by Richards (1932). 

From the nitrogen content in different parts of the paddy varieties, it is evident 
that there exists a close relationship between tillering, total leaf area per plant 
and dry weight on the one hand and nitrogen content on the other. Percentage of 
nitrogen in roots of Kataktaray Bhulmuri and Bhasamanik is maximum in ‘A', and 
then gradually decreases with increase in water level (Table XI), while the maximum 
dry weight of root in these varieties is found in ‘B* and then falling with increasing 
water levels ‘C’ and ‘D’ (Table VI). Both nitrogen content and diy weight of root 
are minimum in ‘D’ irrespective of varieties. This shows that the nitrogen content 
of root decreases with increase in water level. From the results, it appears that 
water-logged condition associated with reduced soil aeration has checked both 
root growth and the uptake of nitrogen, while in comparatively dry condition 
under ‘A’, in spite of maximum nitrogen content in the roots of the three varieties, 
the root growth decreases due to insufficient water-supply. 

In stem and leaf nitrogen content is maximum in ‘D/ and minimum in ‘B’, 
while the number of tillers, total leaf area per plant and the dry weight of stem and 
leaf is maximum under 'B' and gradually d^reases with increase in water level, 
indicating an inverse relation between tdlering, total leaf area and dry weight on 
the one hand and nitrogen content on the other. Although percentage of nitrogen 
3 
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increased in stem and leaf under water-logged conditions (‘C’ and *D’), plant 
growth as indicated by tillering is not correspondirygly increased under these con- 
ditions; it is restricted by the influence of increasing water levels and therefore 
nitrogfui not b<nng utilized accumulates in stem and leaf. On the other hand, 
maximum tillering, total leaf area and dry weight of stem and leaf are found in ‘B’ 
where jxrccuitage nitrogen content is minimum, irrespective of varieties. This 
corresponds with the fact that the demand for nitrogen for growth and yield is 
greaU‘8t in ' consequently nitrogen content is in minimum percentage of the 
dry w( ight of the plant. In ‘B’ maximum plant growth and yield of the varieties 
may be dtu) to better utilization of nitrogen and moisture status of the soil. Here 
both riiinjgen and moisflire c(mtent of the soil influence tillering, total leaf area 
and ultimately its total dry weight and grain yield, while under relatively deeper 
water treatments (*C* and ‘D’) standing water reduces meristeraatic activity; here 
factor or facU)r8 other than nitrogen are limiting the growth and yield of the plant. 
Under partial drought in ‘A' plant growth has suflFered due to insufficient water- 
Hupply rather than nitrogen as nitrogen content is not much reduced. The author 
(1949), in his work on th(^ elTect of varying water levels on growth of rice in relation 
to carlK)hydrate metalx)lism, has reported that the synthesis of sugar is not limiting 
the production of tillers in treatments with standing water, since sugar is in excess 
in the h^avTS und(T water-logged condition. Other reasons that might account 
for this difference in growth due to variation in water level are: (1) insufficient 
aeration t(j the submerged parts, and (2) pressure of water column acting upon 
the n'gion wIutc meristems for tillers are laid down. 

Asana (1950) on growth analysis of the sugarcane crop has reported that the 
tillering phase was not so much affected by hot w^eather (high temperature and low 
ndative humidity) as by the nitrogen supply, while in low-lying water-logged areas 
growth w'as checked due to depression in the rate of uptake of nitrogen and leaf 
growth. Vlamis and Davis (1944) have suggested that oxygen can be transported 
from the shoots to the roots by anatomical adaptation, improving thereby the growth 
of rice undcT submerged (umdition y)articularly with respect to the root system. 
Tlic increased growth as they hav(' measured by the fresh weight of roots and 
shoots may be due to the increased wat(*r content. In the present experiment 
it is HiHUi that the water content of diflVrent parts of the rice plant increases as the 
water hwel ris(‘8 (Table V), while the dry weight decreases increasingly with the rise^ 
of water level (Tables VI, VII and IX). From the results it appears that the plant 
gixjwth as measured by tillering, total leaf area per plant and dry w^eight has suffered 
a lot under water-logged condition. Woodford and Gregory (1948) have studied 
the growth of barley plant under anaerobic conditions of the roots and concluded that 
the growth under anaerobic conditions can be maintained at a level as high as 
that with full aeration by merely increasing the nutrient concentration, for it appears 
that the poor growth in badly aerated soils may to a large extent be due to a starva- 
tion of the primary nutrients consequent upon a slower uptake for a given concen- 
tration of soil nutrients. 


Summary 

The effects of varying water levels on growth, yield and nitrogen content of three varieties 
of paddy art^ reported in this study. 

Nuroljer of tillers, total leaf area, total dry matter and grain yield increase in the treatments 
with water up to the soil level in pots, but gradually decrease with the rise of water level. Varietal 
difference in the optimura water requirement is established. 

Plant height and individual leaf area are found to increase with the rise of water level 
Water content of stem and leaf is similarly affected, the increase being greater in the stem The 
cause of the variation in plant height and individual leaf area under different water levels has 
been discussed. 

Both nitrogen content and dry weight of root decrease with increasing water level In 
stem and leaf nitrogen content, on the other hand, is high imder water-logged condition nitrogen 

3B 
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not boing utilized aeoumulates. Under partial drought plant growth has suffered due to in- 
sufficient water supply ratlier than nitrogen as nitrogen content of stem and loaf is not nauoh 
reduced. Stem and leaf nitrogen is low whore water is maintained up to the soil level (puddling 
condition) because of its utilization for optimum growth. 

The results of this experiment indicate the necessity of maintaining different water levels 
at different stages of growth mid development, 2-3 inches of water in the field for two weeks 
after transplantation followed by drainage and maintenance of the soil in the puddling condition 
for another 5-6 weeks for aus and 7-8 weeks for atnan would give optimum tillering. Standing 
water, however, has some benehcial effect at the time of ear emergence and grain formation. 

The author expresses his grateful thanks to Dr. P. K. Sen for suggesting the 
problem, to Dr. S. P. Agharkar for granting facilities to conduct this work and 
to Dr. S. M. Sircar for many helpful criticisms and suggestions in the preparation 
of this paper. 


References 

Asana, R. D. (1950). Growth analysis of the sugarcane crop in North Bihar (India). I. Seasonal 
variation in growth and yield in unmanured plots. Ann. N.S., 14 , 465-486. 

Bengal, Department of Agriculture (1925-26). Annual Report, 1925, 26, 11. 

Briggs, L. J. and Shantz, H. L. (1914). Relative water requirement of plants. Jour. Agri. Res.^ 
3, 1-63. 

Chakladar, M. N. (1946). Influence of soil moisture on the yield of paddy. Ind. Jour. Agri, 
Set., 16 , 152-157. 

Crowthor, F. (1934). Studies in growth analysis of the cotton plant under irrigation in the 
Sudan. I. The effects of different combinations of nitrogen applications and water 
supply. Ann. Bot., 48, 877-913. 

Ghosh, B. N. (1949). Physiological studies on the effect of varying water levels on growth of 
rice in relation to carbohydrate metabolism of the leaves. Bull. Bot. Soc.^ Bengal, 3, 1-8. 

Richards, F. J. (1932). Physiological studies in plant nutrition. III. Further studios of the 
effect of potash deficiency on the rate of respiration in leaves of barley. Ann. Bot., 46 , 
367-388. 

Sen, P. K. (1937), Studies in the water relations of rice. I. Effect of watering on the rate of 
growth and yield of four varieties of rice. Ind. Jour, Agri. Sci., 7, 89-117. 

Sen, N. K. (1946). Nitrogen metabolism in rice leaves. Jour. Ind. Bot. Soc,, 25 , 71-75. 

Singh, B. N., Singh, R. B. and Singh, K. (1935). Investigations into the water requirement of 
crop plants. Proc. Ind. Ac^. Sci., 1 , 471-495. 

Thoday, D. (1910). Experimental researches on vegetable aissimilation and respiration. V. A. 
critical examination of Sach’s method for using increase of dry weight as a measure of 
carbon dioxide assimilation in leaves. Proc. Roy. Soc., London, 82 , Bl. 

Vlamis, J. and Davis, A. R. (1944). Effects of oxygen tension on certain physiological responses 
of rice, barley and tomato. Plant Physiology, 19 , 33-51. 

Woodford, E. K. and Gregory, F. G. (1948). Preliminary results obtained with an apparatus 
for the study of salt uptake and root respiration of whole plant. Ann. Bot., N,S., 12, 
335-370. 


lasmd September 10, 1954. 



SrZE SCULPTURING, WEIGHT AND MOISTURE CONTENT OF THE 
DEVELOPING EGGS OF THE DESERT LOCUST, SCHISTOCEECA 
GREQARIA (FORSKAL) (ORTHOPTERA, ACRIDIDAE) 


by M. L. llooNWAL, F.N.L, Forest Entomologist, Forest Research Institute, 

Dehra Dun 

With 4 Tables, 3 Text-figures and 2 Plates 
{Received October 26, 1953; read May 7, 1954) 


(Contents 

Page 

I. Introiliiutiori .. .. .. 388 

11. Kgj^-Huulpiurin^, otc. .. .. .. .. •• 389 

III. 8i/-o of* .. .. .. .. 389 

IV. VVeij,rht iiiui rrioisturo content of eggs 

(o) Increase of weight and inoisturo content during development . . . . 391 

[h) Kesorfition of w'ator from atmosphere by dehydrated eggs .. .. 392 

(c) Kate of loss of water m young eggs in still, dry air at constant temperature 

(33- 3M^) .. ‘ .. .. .. ..395 

V. Summary . . . . . . . . . . . • • • 397 

VI. Keferericos .. .. .. .. .. .. .. 397 

VIT, Explanation of Plates .. .. .. .. .. 398 


r. Introduction 

Littlo is known of the egg-sculpturing and water-balance of the eggs of the 
Desert Locust, Schistocerca gregaria (ForskS-l). Husain and Roonwal (1933) 
described ihi) structun^ of the mieropylar c^inals. Mathur (1944) demonstrated 
that water is absorbi'd by the developitig eggs from the surrounding moist soil (in 
which the eggs are laid) only thiDugh a specialized region at the posterior pole of 
egg. The sjKHualized n^gion exists (>ven in the freshly laid eggs and corresponds to 
tile area deinon.strat<Ml earlier in Melanoplus differerUialis (Th.) by Slifer (1938) 
and tt'rmed ‘hydropic* by her. Shulov (1952) studied the intake of water by the 
eggs of S, gregaria, but lu' did not refer to the earlier work of Mathur (1944). Shulov 
8tiit<Kl that egg-developnu‘ut is inteirupted if contact water is lacking and is resumed 
when the egg is moistened; this occurs during late anatrapsis (a stage in the process 
of bliistokinesis or ‘turning round’ of the embryo), which is the stage in which the 
embryos of some other species of locusts and grasshoppers undergo diapause or 
temporary cessation of development. 

Absorption of external water by eggs during development after they have 
been laid has been shown to occur in several species of locusts, grasshoppers, other 
insects and indeed many other Arthroi>ods. (For a summary, see Roonw^al, 1936a, 
1942, 1944.) The sculpturing of the outer cuticle of the egg-wall has been studied 
by Roonwal (1936a, 1954) in the African Migratory Locust, Locusta migratoria 
migraiorioides R. & F. Tlie sculpturing presents interesting features which help 
in distinguishing eggs of different species of Acrididae, and a study of this feature 
is, therefore, of practical interest. 

In the present account I have described first, the egg-sculpturing of Schistocerca 
gregaria. Secondly, I have presented the results of my observations on the swelling 
of eggs during development, on the increase of weight and of water-content of eggs 
as they develop, and finally, on the rate of loss of water.in young eggs in a still dry 
atmosphere at a constant temperature, and on certain other related features. 
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II. EOG-SCnOlJPTlJRINO, BTC, 

(Pis. XV and XVI ; and Toxt-figs. 1 and 2) 

If the chorion of a freshly laid egg is cleaned, mounted on a slide and examined 
under the microscope, it presents a mosaic pattern of hexagonal (at places penta- 
gonal) * cell-walls with a thick, circular dot or tubercle at each of the angles (Pi. XV, 
Figs. 2, 3 and PI. XVI, Figs. 4, 6). In sections of the egg-wall (PI. XV, Fig. 1 and 
Pi. XVI, Figs. 6-8) it is seen that the chorion is composed of two layers as follows : (i) A 
thin outer layer or exochorion which is about 6-8 /a thick near the poles and about i-6 
/i elsewhere. It is refractile, slightly granular and does not stain with haematoxylin. 
(ii) A thicker (ca. 9-10 ft at the poles and 6-8 /i elsewhere) inner layer or ondochorion 
which stains deeply with haematoxylin and shows a seinigranular, felt-like structure, 
similar to the one described by me (Roonwal, 1954) in Locv>sta migratoria migra- 
torioides R. & F. Except in the micropylar region (PI. XVI, Fig. 6) the oxochorion 
and endochorion are not contiguous with each other but are widely separated by 
trabeculae or air spaces which are about 18-20 ft wide all over the egg except at the 
two poles where they are somewhat wider. 

The trabeculae are divided into hexagonal or pentagonal cells, as the case may 
be, by means of endochorionic ridges which meet the exochorion and are the cause 
of the hexagonal (or pentagonal) chorionic pattern mentioned above. At the angles, 
the ridges are thickened so as to form a strut or pillar which is broad externally, 
i.e., towards the exochorion, and narrows towards the endochorion (PI. XV, Fig. 1 
and PI. XVI, Fig. 7); the struts appear in surface view as the ‘dots^ or tubercles 
mentioned above. The tubercles (t,) are wanting at the poles (PI. XVI, Fig. 8) where 
only the ridges {rd,) are present. Inside the endochorion is the extremely thin (less 
than 1 f* thick), stnictureless vitelline membrane wliich, in sections of eggs, tends 
to adhere to the surface of the yolk-mass. 

As shown by me recently (Roonwal, 1954), there appear to be two principal 
types of egg-walls in the Acrididae as regards the chorion, viz., one in which the 
exochorion is throughout contiguous with the endochorion and is not separated 
from the latter by means of trabeculae of air spaces (example: Loc'iista^ migratoria 
rnigratorioides), and another which is characterized by the presence of the trabeculae 
or air spaces mentioned above (example: Schistocerca grejgaria). 

The micropylar apparatus (PI. XVI, Fig. 4; and Text-figs. 1 and 2). — Around a 
slight constriction near the posterior pole of the egg of Schistocerca gre^aria there 
runs, at a distance of about 0*4-0’5 mm. from the posterior pole, a ring of about 
44-65 funicular canals (m.c.). Each canal nins obliquely throtighout the width of 
the exochorion and the endochorion; its wide external opening (ca. 7-11 ft wide) 
lies anteriorly on the egg-surface, and the extremely fine inner opening lies pos- 
teriorly. These canals, which measure about 123-151 fi in length, are the micropylar 
canals (vide also Husain and Roonwal, 1933). 

III. Size of Eggs 
(Text-fig. 2) 

The egg of Schistocerca gregaria (Text-fig. 2) is slightly curved, more or less 
cylindrical and tapers towards both ends which are rounded. The size of eggs after 
oviposition (as measured by means of a vernier callipre reading up to 0-1 mm. and 
under a stereo-binocular-microscope) increases during development as follows: — 
The maximum length, measured as a straight line from p)le to pole, increases from 
about 5-l-8‘0 mm. (mean 6-93) in freshly laid eggs to about 8-l-9*6 mm. (mean 8 92) 
in eggs about to hatch, i.e., there is a mean increase of about 29 per cent. Similarly, 
the maximum width or diameter (which occurs about the middle of the egg-length) 
increases from about 0*9-16 mm. (mean 1*26) in freshly laid eggs to about l*^2-9 mm, 
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Tkxt-fio. l(a-A). — The micropylar apparatus of Schi^tocerca gregaria (Forsk.). 

(a) One of the micropylar (wmals in surface view from the outside, (6) Longitudinal -vertical 
section of the egg- wall at the posterior end of egg, to show the micropylar canal (m.c.) and the 
trabeculae or air spaces (tr») between the oxochorion and the endochorion. Semidiagrammatic. 
(o) A longitudinal -vertical section of the micropylar canal. Greatly enlarged. (dy(h) Portions 
of transverse sections of the egg-wall in the micropylar region, showing the course of a micro- 
pylar canal through the oxochorion and the endochorion beginning from the outside (Fig. d) 
and ending (Fig. h) at the inner opening of the canal. 

endxh., endochorion; e,o„ external opening of micropylar canal; ex-ch., exochorion; i.o., 
internal opening of micropylar canal; m.c., micropylar c^nal; p,p., posterior pole of egg; r., roof 
of micropylar canal; rd., ridge of endochorion connecting the latter with the exochorion; tr,, 
trabeculi^ or air spaces between exochorion and endochorion. 
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(mean 2*27) in eggs about to hatch, s.e., there is a mean increase of about 70 per cent* 
FuUy developed eggs obtained from the egg- calyx of females in the process of egg- 
laying are usually smaller than freshly laid eggs, and measure about 4* 1-6*0 mm. 
in length and 0-4-^*5 mm. in width. Tliis feature is probably explicable by two 
reasons: (i) That in the egg-calyx the eggs are crowded and are not able to swell 
up to their full dimensions; and (ii) that the egg-shell is still soft and pale yellow, 
whereas soon after egg-laying it becomes harder and darkens in colour by coming 
in contact with air. The post-oviposition eggs, therefore, which are now' free from 
mutual pressure, swell up to their full dimensions and, because of the comparative 
hardening of the egg-shell, stay SAvollen. 



Text-fig. 2. — Eggs of Schistocerca gregaria (Porsk.), to show the increase in size during 

development after oviposition. 

(a) Freshly laid egg, aide view. (6) Same, about to hatch. 

a.p., anterior pole of egg; m.c., ring of mioropylar canals; p.p., posterior pole of egg. 

As shown by Roonwal (1936a) for the African Migratory Locust, Locusta 
migraioria migraiorioides, the swelling of eggs is due to the absorption of water from 
the outside. This phenomenon occurs in a large number of insects, other Arthropods 
of even other groups of animals. (For a review, see Roonwal, 1936a, 1942, 1944.) 

IV. Weight and Moisture Content of Eggs 
(Tables 1-4 and Text-figs. 2 and 3) 

(a) Increase of weight and moisture conierd during development (Table 1). 

For the determination of moisture content, normally developing eggs (laid in 
moist soil) of various stages were washed quickly in distilled water and cleaned with 
a fine sable brush to remove sand particles and other foreign matter adhering to 
them. The eggs were then quickly dried by rolling them on a filter paper, transferred 
to a previously dried glass tube and weighed in an analytical balance. Weighments 
were usually made in lots of 10-36 eggs, each lot being taken from a single egg-pod. 
Subsequent drying was done over concentrated sulphuric acid in a dessicator until 
the weight was constant. The developmental stages of eggs studied were as foUows: 
(i) just-laid; (ii) about 6-12 hours after oviposition (at 33*3° C.); (iii) about two- 
thirds developed; and (iv) about to hatch (these being taken from eggs-pods from 
which hatching had alre^y started). Eggs were incubated at 33*3® C. (in one 
case at 32° C.) in moist sandy-loam but without ‘apparently free' water. The 
results are discussed below. 


SchUtoeerca gregaria. Weight and moisture content (determined by drying o\er concentrat^ sulphuric acid) of 
eggs after oviposition. {Except where otherwise statetl, eggs were weighed in lots of 10-3i> m ana j lea 
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-OE (24 hours old) .. 7-6 3-2 4*4 57*5% 
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Wet weighL~The wet weight of a single egg increases firom about 8*6-9-4 mg. 
(average 9-0 mg.) when freshly laid to about 11-8 mg. (3M per cent increase) when 
two-thirds developed and, finally, to about 16-2-19-2 rag. (average 17-4 mg.) (93 3 
{)er cent iricrciise over freshly laid eggs) when about to hatch The weight of the 
c*gg is thus nearly doubled during development. 

Shuir)v (1952), from eggs o( ScUstocerm gregaria obtained in the Jordan Valley, 
Jenisalem, recwded the average increase as from 10'5 when freshly laid to about 
24 fi mg. at the beginning of hatcliing (incubation at 27*" C.), an increase of about 
134 cent. These values, especially the last two, are much higher than those 
obtaiiKid by me. At first sight it seems difficult to reconcile the differences, but a 
consideration of the remarks ma/le by Shulov may perhaps help in doing so. Shulov 
wn>tc (p. 474): ‘The maximum weight of an egg that develops normally is about 
27 mg., but some eggs weighing only 16 mg. may also hatch under conditions of 
contact moisture. These weights represent increase of 170 per cent and 60 ^r cent 
nspectively of the origimil weight. Experimentally, it is possible to obtain fully 
developed embryos, and even for some of them to hatch, from eggs weighing as 
little OH 11 mg.’ The great diversity recorded by Shulov may be due to the greatly 
differing conditions of moisture availability in the soil or other media in which 
Shulov incubated his eggs — he did not mention precisely the nature of the medium 
which he used and the state of its wetness. In my experiments, it may be stated, 
the ( ggs won* uniformly incubatc'd in moist sandy-loam but without any apparently 
free w’ater. 

Dry weight . - Tht* dry weight of an egg apparently decreases during develop- 
n\mt — from about 4-8 mg. in the freshly laid egg to 4*6 mg. when about to hatch, 
a decrease of nearly 4 per cent. It would be desirable to obtain more extensive 
(likta in this respect for Schistoc^erca gregaria. It has been demonstrated (Roonwal, 
1030a) from extensive data that in the African Migratory Ix)cust, Locusta migratoria 
migratorioldes, there is a decrease of about 20 per cent in dry weight, the greater 
part of tlu^ (Iccrcase occurring in the second half of the developmental period, 
lloonwal explaimrd it as ‘due to the energy expended upon the normal activities 
of the developing embryo’ (p. 7). 

Moisture content, — The amount of water in eggs, in terms of the wet weight of 
eggs, [ncToixses during development by about 27-4 per cent, as follows (vide also 
Table l).-- 

Stage Water content 

Just laid . . 46-4% of wet weight of egg 

6-12 hrs. old .. 51-6% 

24 hrs. old . . 57 5% 

Jnls developed . . 55-9% „ ,, 

About to hatch . . 73-8% „ ,, 

The absolute amount of water present in an egg increases from about 4-18 mg. 
in freshly laid eggs to about 12*7 mg. in eggs about to hatch, an increase of nearly 
3 times. A similar order of increiise (3-3 times) was found in Locusta migratoria 
migratorioides by Roonwal (1936a, p. 5). 

(6) Resorption of water from atmosphere by dehydrated eggs (Table 2) 

Wlien freshly laid eggs are dehydrated and then exposed to moist atmosphere 
at a fairly high temperature, they re-absorb a small quantity of water from the 

1 The docHne of average weight in 24 hours old eggs to 7*6 mg. (vide Table 1) is difficult to 
explain. It may bo fortuitous, due possibly to the special smallness of the size of eggs in the 
different eggs-p<^s taken for these experiments. In another experiment, where 10 freshly laid 
eggs from a pod were weighed together, allowed to develop normally, and then re-weighed after 
24 hours the weight increased during the first 24 hours from 6*7 mg. per egg (calculated) to 
8*7 mg., an increase of 2 mg. or nearly 30 per cent. 
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atmosphere. This was demonstrated in two experiments in which freshly laid 
©gg8> which were experimentally dehydrated for determining their moisture content, 
were exposed to an atmosphere of 80 per cent relative humidity at 33® C, This 
moderately high temperature was employed in order to preclude the possibility 
of condensation of atmospheric water on the eggs w'hich would have occurred at 
low temperatures. The number of eggs employed was 35 in one experiment and 
17 in another; the former lot re-absorbed 0*43 mg. of water per egg, the latter lot 
0-47 mg. It took about 24 hours for the maximum resorption, after which there 
was no further increase of weight. 

Table 2 

Schistocerca gregaria . Resorption of water from the atmosphere (80% R.H.; 30° C.) by freshly 

laid dehydrated eggs 


Expt. 

No. 

Total 

No. of eggs 
in expt. 

Final weight 
of 

dehydrated 

eggs 

(mg') 

1 

Weight of 
cgga 

after full 
resorption 
of water 
(mg.) 

Amount of 
water 
resorbod 
(mg.) 

Calculated 
amount of 
water 

resorbed by 
one egg 
(mg.) 

1 

35 

175 

190 

15 

0-43 

2 

17 

165 

173 

8 

0*47 


(c) Rate of loss of loater in young eggs in still, dry air at constant temperature (33*3® C.) 

(Tables 3-4; and Text-fig. 3) 

The rate of loss of water was studied for just-laid and for 24-hour-old eggs. 
After the usual cleaning, eggs were weighed and kept in dry glass tube in dry air 
in a desiccator over sulphuric acid. The desiccator was kept in an electric incubator 
at a constant temperature of 33*3® C., and weighments were made periodically in 
a chemical balance. 

Just-laid eggs (Table 3; and Text-fig. 3). — In the first hours, the total loss of 
water is 4*68 per cent of the initial wet weight of egg or at the average rate of 3*74 

Table 3 


Schistocerca gregaria, Rato of loss of water from 20 fresh-laid eggs in still, dry air at a constant 

temperature of 33*3° C. 


SI. No. 
of 

weighing 

Ago of 
eggs from 
moment 
of ovi- 
position 
(hours) 1 
! 

Interval 

from 

previous 

weighing 

(hours) 

i 

Actual 

wet 

weight of 
20 eggs 
(mg.) 

Loss in 
weight 
of 20 
©ggs 
(rag-) 
5y 

drying 

Calculated 
weight of 
one egg 
(mg.) 

Loss in 
weight ) 
of one 
«gg 

drying 

Percentage loss 
of water 

Total 

loss 

Loss 

per 

hour 

1 

0 

0 

171 

0 

8-55 

0 



2 

li 

H 


8 

8-15 

0-4 


3-74 

3 

H 

2 

155 

8 

7-75 

0-4 


2-34 

4 

22i 

19 

103 

52 

5-15 

2*6 


1-6 

5 

45| 

231 

93 

10 

4-65 

0*5 


0-25 

6 

69| 

24 

93 

0 

4-65 

0 

0 

• * 

Total loss in weight : 

78 

-- 

3*9 

4.5-61% 
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i>er cent per hour. In the next 2 hours the average rate of loss declines to 2-34 per cent 
per hour, in the next 19 hours to 1-6 per cent, and in the next 23J hours to 0-26 
l>er cent. It will thus be seen that the rate of loss of water is the fastest in the 

Table 4 


Schititocerm gregaria. Rato of loss of water from 10 young eggs (24 hours after oviposition) 
in still, dry air at a constant temperature of 33*3° C. 


81. No. 

Ago of 
eggs from 
moment 
of ovi- 
position 
(hours) 

Interval 

from 

Actual 

wet 

Loss in 
weight 
of 10 

Calculated 

wet 

Ix)KH in 
weight 
of one 

I’ercontoge loss 
of water 

of 

weighing 

previous 

weighing 

(hours) 

! 

I 

weigVit of 

10 OKgs 

(mg-) 

eggs 

i 

1 ^>y 

drying 

weight of 
one egg 
(ing.) 

egg 

(>og.) 

^>y 

drying 

Total 

loss 

Loss . 
per 
hour 

1 

0 

0 

(67) 

(-) 

(6-7) 

(~) 



2 

24 

24 

87 

*(In- 

croaso 

20 mg.) 

8*7 

*(In. 

! crease 

2 mg.) 


9-77 

3 

20 

2 

70 

17 

7*0 

1*7 

19-64 

4 

28 

2 

67 

3 

6*7 

0-3 

3*45 

1*73 

5 

30 

2 

64 

3 

6'4 

0*3 

3*45 

1*73 

6 

32 

2 

62 

2 

6*2 

0*2 

2*30 

1*15 

7 

34 

2 

59 

3 

5*9 

0*3 

3*45 

1*73 

8 

46 

12 

41 

18 

41 

1*8 

20*69 

1*72 

\) 

49 

3 

40 

1 

40 

0*1 

114 

0*38 

10 

,52 

3 

40 

0 

4*0 

0 

0 

0 

11 

100 

48 

37 

3 

3*7 

0'3 

3*45 

0*006 

12 

I2li 

2li 

37 

0 

3*7 

0 

0 

0 



Total loss in weight: 

50 


5-0 

57*47% 



KggH not driod but kept in moist sand. 



Tkxt-fio. 3 . — Schistocerca grtgaria (Forsk.). Graph to show the rate of loss of water from young 
eggs in still, dry air at a constant temperature of 33*3® C. (a) Freshly laid egg. (b) Egg 
24 hours old. 
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first few hours, and then gradually slews down until about 22 hours by which time 
the bulk of the water loss has occurred. The loss continues very slowly until about 
45 hours, after wliich there is no further loss. The total loss is about 46‘6 per cent 
of the wet weight of egg. 

24-hour old eggs (Table 4; and Text fig. 3). — ^The general trend here is similar 
to that in the just-laid eggs, viz., that the rate of loss of water is the fastest in the 
first few hours and gradually declines ; the bulk of the water is lost by about 22 hours 
(Table 4, Serial No. 8), after which the loss is negligible. Some differences in detail 
are, however, noticeable. Thus, the average rate of loss in the first 2 hours is about 
9-77 per cent per hour as compared to about 3-7 per cent or less in the just-laid 
eggs. Subsequently, that is, between about 2-22 hours (Table 4, Serial Nos. 4r-8), 
the average rate of loss is nearly constant, l)eing about M.')-l-73 per cent; this is 
similar to the rate in the just-laid eggs (1-6 per cent) during a nearly similar period. 


V. Summary 

1. The egg-wall of the freshly laid egg consists of 3 layers, viz.^ a thin outer layer, the 
Gxochorion, next to it a thicker ondochorion and, finally, an extremely fine and structureless 
vitelline membrane. 

2. The endochorion presents a mosaic pattern of hexagonal (occasionally pentagonal) 
ridges and tubercles and is separated from the exochorion by moans of largo trabeculae or air 
spaces. 

3. The micropylar apparatus consists of a ring of small, funicular canals which obliquely 
traverse the exochorion and the ondochorion and open on the inside by means of an extremely 
fine aperture on the inner surface of the endochorion. 

4. The eggs incretuse in size during development from mean dimensions of about 6*93 X 
1*25 mm. when freshly laid to about 8*92 x 2*27 mm. when about to hatch. 

5. The mean wet weight of an egg increases from 9-0 mg. when freshly laid to 11*8 mg. 
(31*1% increase) when two-thirds developed and 17*4 mg. (93*3% increase over freshly laid egg) 
when about to hatch. 

6. The dry weight of an egg decreases from about 4*8 mg. when freshly laid to about 
4*6 mg. (a decrease of about 4%) when about to hatch. 

7. The moisture content of an egg increases from about 46*4% (of the wet weight of egg) 
when freshly laid to about 73*8% when about to hatch. The absolute amount of water increases 
from about 4*18 mg. in the freshly laid egg to about 12*7 mg. when about to hatch. 

8. Dehydrated eggs, when exposed to moist air, re-absorb a very small quantity of moisture. 

9. The rat-e of loss of water from young eggs in still, dry air at a constant temperature 
(33*3° C.) was studied. The rate of loss, which progressively declines, is very rapid in the first 
few hours. The bulk of the water is lost by 22 hours; the loss continues slowly until about 
46 hours after which there is no further loss. 
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V'rr. Explanation of Plates 


Lettering 


(t.p., anterior pole of egg. 
end. rh., endochorion. 

r.o., oxtornal opening of rnicropylar canal. 
e.w,, egg-wall. 
ex.ch., exochorion. 

he,, pattern of hexagonal ridges on en<iochorion. 
i.o., internal opening of rnicropylar canal. 


i.r., inner refractile portion of endochorion. 
m.c., rnicropylar canal, 
p.p., posterior pole of egg. 
rd., ridges of endochorion. 

L, tubercle or protuberance of endochorion. 
tr,, trabeculae or air spaces between exo- 
chorion and endochorion. 
y., yolk. 


Pl.ATE XV 

Kgg-wall Schistore red gregaria (Forsk.) 

Fio. 1. — Longitudinal section of tho egg-wall of a freshly laid egg, showing the exochorion, 
endochorion, tulwrcles and (ribe<*ulae or air .spaces. Greatly enlarged. 

Flo. 2. -Surfiu'*' view of the chorion of an egg 6 hours after oviposition, showing the hexagonal 
(occiwiionaHy pent^vgonal) pattorn formed by rhiges, with the ‘round’ tubercles at the angles. 
Greatly enlarged. 

Fig. 3. — Hurfmio view of the chorion of an egg about to hatch. Note the hexagonal 
(occasionally pentagonal) pattern and tubori'les as in Fig. 2; also note tho cracks in the 
chorion. Low magniHoation. 


Plate XVI 

F]gg and egg- wall of Schistocerca gregaria (Forsk.) 

Fio. 4. — Egg, to show tho sculpturing and tho rnicropylar canals. The egg is cut trans- 
versely in the centre; also, a portion of tho egg-wall near the posterior pole is removed to show 
the disposition of the rnicropylar canals. 

Fio. 5. — Surface view of the egg-wall, to show one of the hexagons formed by the ridges 
of tho endoohorion of egg-wall, enlarged to show the position of the tubercles. (Cf. PL 1, Figs. 2 
and 3*) * 

Fio. 6. — Portion of longitiuiinal- vertical section of egg-wall in the posterior region of the 
egg near the micropyle, but not p^ing through a rnicropylar canal. Note the absence of 
tubercles. The vitelline membrane is not shown. 

Fio. 7. — Ditto, near middle of egg. Note the ondochorionio tubercles and the trabe- 
culae or air-spaces. 

Fro. 8. — Ditto, at the posterior pole of egg. Note that the endochorionic tubercles are long 
and thin rather than stout and broadened externally (cf. Fig. 7). 


Isstied September lOy 1954, 
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Introduction 

Brackishwater fish-farming is considered to hold out great potentialities in 
easing the protein food shortage in underdeveloped tropical countries Among the 
countries in South-East Asia, Java, Formosa and the Philippines have extensive 
brackishwater farms where the Milk fish, Chanos chanos (PorskS.!), is cultivated on 
a commercial scale. In India, a specialised type of brackishwater fish culture exists 
in Lower Bengal, in what are known as hheris. In these so-called bhasabadha 
fisheries or hheris mullets are cultured along with Cock-up {hates calcarifer) and 
prawns. As in Hawaii and Formosa, mullets are cultured in brackdshwaters of 
India on a commercial scale. 


• Present Address: Hilsa Fish Enquiry, AU-India Institate of Hygiene and Public Health, 
Calcutta. 
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Calcutta fi«h markets receive considerable quantities of fish raised in bfieris 
situated in the Salt Lake area and the Sundarbans. These bheris not oidy support 
several fishermen but also contribute greatly to the fish supplies of the city. Hora 
and Nair (1944) have given a description of a bheri in the Sundarbans. Except for 
some general remarks contained in Gupta’s report (1908) and the references in 
( !hatterjee ’s article (1933), there are no detailed recorcls of the fishes or the cultural 
practic( 3 s in the bke/ris of the Salt Lake area. There are general surveys of the 
llura (Biswas, 1927), but the ecological features and the economic aspects of the 
fisheries have not been investigated.* As a part of an investigation of the 
biology of the Grey Mullet, Mugil tath Forsk&l, the author had opportunities of 
Uiaking some ob8<?rvationH on the ecologj^ of a bheri in Ghutiari Sharif, situated 
about 20 miles south of Calcutta on the Port Canning line of Eastern Railway. As 
the main object of the observations was to assess the conditions of existence of 
mullets in the bheri, particular attention was paid to the fish culture practices and 
the foo<l relations of the mullets and their associates. An account of these observa- 
tions is given below. 

ToporaiAPuiCAL and hydrological features 

The bheri select(;d for observations is located on the bank of the tidal river, 
Bidyad hari It has been constructed by embanking the extensive spill area of the 
riv(T and is divided by subsidiary embankments into eight ponds ranging from about 
200 to 800 bighasf (Toxt-fig. I ). The ownership of the bheri is rather complicated, and 
the propi ietury right of a sizeable portion of it is still unsettled. Most of the studies 
have been made in the two ponds marked A and B in Text-fig. I, which are approxi- 
mately 400 and 3<H) bighas in extent respectively. These ponds were under the 
(control of one Mr. Moharned Hanif during the time of investigations, which extended 
from 1949 to 1951. 

The main embankmcuits of the ponds are fi-8 ft. high, 10-12 ft. wide at the 
base and 0-7 ft. at the crest, (bass (Oratnivae) and Sifaeda mxriiima (Family 

('henopodiaceae N. Order: Centrospermae) growing on the embankments serve 

to bind the soil and thus check erosion. All round the ponds within the embank- 
ments, is a deep canal system formed by the excavation of earth for bund- 
ing. These canals are about 4-5 ft. below the pond level. Connected to this canal 
system is another branching canal system spread over the general pond bottom. 
The remaining portion of th(^ pond bottom is of level ground except for a deeper 
portion in pond B, Besides these, each o!l the })onds has a subsidiary pond about 
4-5 ft. deep with separate embankment all round which is about 2 ft. high. The 
canals, the subsidiary ponds and the deep areas of the pond always hold a certain 
height of water, but the other portions generally remain dry during the dry months 
(Plato I, Fig. 1). The depth of water in the canals varies from 2-4 ft. except during 
the rainy season when it may be as much as 6-8 ft. As during the spring tides in 
February, March and April large quantities of tide water are taken into the bheri, 
the water level is usually much higher in this season. The average depths of water 
in the canals during the dry se^isons before and after the tide water is taken in, are 
2 to 2 J ft. and 3 ft. respectively. In the shallow portions of the pond, the average 
depth of water is 6*'-9'' in the rainy season and about l'-2' when a good supply of 
tide water is obtained. The rapid silting and the consequent deterioration of the 


^ An abstract of a papor *On the biological productivity of a typical brackishwater Tam 
(Bhori) of Lower Bengal* by H. K. Mookerjeo, D, N. Ganguly and R. S. Mookerjee has been 
published in Proc. 38th Indian Set. Congr., Pt. Ill, 1952. The full paper has not been published, 
but in the abstract, it is mentioned that the phyto- and zooplankton of the Tam were studied 
and the adult fish populations described. The authors have expressed the view that both lentio 
and mixed environments are exliiblted in the tarn, 
t 3 bighas « one acre. 
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Text-fio. 1. A diagrammatic skotch of the bheri. Iriset — Diagrammatic representation of the 
layout of canals and subsidiary pond in a section of the bheri. 

Bidyadhari river feeding the bheri referred to by O'Malley (1914) and Banerjee 
(1931), have gone on so much further since then that irrigation engineers consider 
it almost a defunct river. The maximum tidal range, in the month of August, is 
about 5 ft. and the minimum, in the month of March or April about 1 ft. These 
changes have naturally aflFected the water supply of the hheria considerably. 
Formerly when the tidal range was high, it was possible to take water daily into 
the farm at high tides, but now owing to the weak tidal impulse, it is poasiblo 
to do so only for about 4 days during the highest spring tides. The tidal water 
from the river is led into the ponds through a long canal (Text-fig. 1 and Plate XV If, 
Fig. 2) and taken in through sluice gates (Plate XVII, Figs. 3 and 4). During spring 
tides the sluice gates are opened and water is let in. At the turn of the tide the 
gates are closed so as to prevent the water from flowing out. Due to the absence 
of any big trees or even growth of bushes, the area is fully exposed to the action of 
wind, which is very severely felt during squally weatheit 

The pond bottom consists of ooze-like mud deposited by the silt- laden water 
as it flows through. The soil is of recent formation and its mineralogical com- 
ponents are listed below in the order of their abundance : 

Chlorite 

Quartz 

Biotite mica 

Opaque minerals 

Muscovite mica and sericite 

Felspar 

Calcite. 

There is a good deal of variation in the size of individual mineral grains ranging 
from specks to grains nearly 0*3 mm. ( = 012 inches) across. Calcite, felspar and 
4 
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muscovite mica are of smaller size than the rest. Chloritic material and biotite 
are by far the most abundant. The soil contains about 3% of humus and the 
moisture cont<*.nt is about 31%. The top layer is composed of fine sticky mud with 
sizeabh^ quantities of organic matter, consisting mainly of decayed plant and animal 
matter. Chemical analysis of the soil samples showed the presence of the following 
radicals : 

Chlorides — < ) 1 37 % . 

Silica and other insoluble matter — 79 47%. 

Iron and aluminium as oxides — 8-88%. 

Sulphate as SO3 — 0 05%. 

Calcium as CaO — 3*34%. 

Magnesium as MgO — 1*12%. 

Total nitrogen — 0*42%. 

Nitrate nitrogen — 0 004%. 

Phosphates as P2O5 — 1-53%. 

Meteorological datn could not be collected at Ghutiari Sharif, but the monthly 
normal rainfall figures* in Canning Town which is only about 8 miles from there, 
and th(^ atmospheric ttunperature at Alij>ore t which is nearly 20 miles from this 
place an‘ availaf)le for th(^ }MTiod, February, 1949 to January, 1950. These data 
presented in Tahhj 1 will server to give an approximate picture of the climatic 
conditions of the locality. 


Table I 

Bainfall and temperature, data 


Month. 

Normal rainfall 
at (banning 'Cowii 
in irujlios. 

Moan atmospheric temperature at Alipore. 

Maximum (°C.). 

Mininmm (®C.). 

Fobniary (194U) 

o-ss 

20*7 

13-9 

March 

1-4.J 

34t> 

22-0 

April 

100 

33 2 

24*3 

May 

0*12 

33*4 

25*3 

June 

1207 

34-3 

26-3 

July 

UlO 

32-2 

26-4 

August 

14*01 

32*1 

26-4 

Soptornber 

0*77 

32-3 

2C1 

October 

4*60 

32-8 

24-7 

November 

M4 

28-9 

16-8 

December 

0-0v«^ 

26-6 

12-2 

January (1050) 

0*45 

27*7 

141 


Table 11 gives the hydrological data for the same period collected during 
monthly visits. The range of pH values was rather limited (7-5-^*3) and the water 


♦ From the data piibliahed by the Director of Agriculture, West Bengal, 
t Obtained from the Meteorological Office, Alipore. 

4B 
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always remained alkaline in reaction. Table II clearly shows the wide range of 
salinity obtaining in the ponds. While the salinity may be high during tlie dry 
months, the water becomes almost fresli during the rainy season. The rise in 
salinity is chiefly due^ to rapid evaporation during the inter-spring-tide periods. 
If the salinity of the pond water goes high, dilution with the almost fresh tide water 
at high tides in this season may slightly lower it. While the salinity does not 
generally go above 35 in canals and deeper areivs of the ponds even during the 
driest months, the concentration of salt increases rapidly in the shallow regions, 
and with the complete drying up of these areas (Plate XVTII, Fig. 4) a layer of salt 
deposit may be seen on the bottom. Except for the extremes in hydndogical con- 
ditions during the height of the rainy and summer seasons, the interval between 
two spring tides is the regular period of greatest fluctuations in the quality of the 
pond water. Table III illustrates the variations in the depth and salinity of the 
pond water during an inter-spring tide period in the month of May, 1961. The 
water level and salinity data are represented in graphic form in Text-fig. 2. They 
bring out the remarkable fact of a rapid lowering of water level during the inter- 
spring-tide period. Associated with this, is the salinity increase as seen in Text- 
fig. 2, reaching a high level of 35%o next spring tide period. These wide 

fluctuations in the hydrological conditions exercise a very strong influence on the 
faunal elements of the bheri, the strongly euryhaline of which are able to sustain 
themselves under the conditions prevailing. 


Table II 

The water temperature, pH and salinity of the bheri water during the period of observation (*). 


Date. 

Water temp. 
(‘’C.). 

pH. 

Chlorinity 

(®/oo)* 

22- 2-49 . . 

30-0 

7*5 

9-90 

24- 3-49 

28-9 

8-0 

1-60 

23- 4-49 

30-0 

8*3 

9-80 

24- 5-49 

28-3 

8*1 

10-89 

24- 6-49 

29-4 

8-0 

IMO 

24- 7-49 

27-5 

8-3 

1-80 

23- 8-49 

29*4 

7*8 

1-57 

24- 9-49 

350 

7*9 

2-20 

24-10-49 

26-6 

... - 

80 

6-05 

23-11-49 

26-4 

8*2 

7 80 

23-12-49 

24*6 

8*3 

9-60 

24- 1-50 

14-4 

8'2 

9-70 


(♦) All observations were made at about 8 a.m. in the mormng. 
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Table III 


The hydrolo'jical rkanyea in the bhori water during an inter -spring Me period in May, 1961, 


Vuy. 

Dojjth of 
water 
in inches. 

Atm. 
temp . 
(»C). 

Water 

temp. 

(Surface, °C.). 


Salinity 

(«/oo)- 

moon 

18*9 

30-59 

30-50 

8-3 

24-5 

Int day aft^jr now moon 

19-0 

30-50 

30-60 

8-3 

24-0 

2iid M »» 

18-5 

30-60 

30-50 

8-3 

24-5 

3r(l ,y m 

18*1 

30-60 

30-60 

8-3 

26-0 

4th t, 1) 

179 

30-60 

30-60 

8-5 

26-0 

5th 

17-5 

30-66 

30-60 

8-5 

27-0 

«lh 

17() 

30-60 

30-60 

8-4 

27-7 

7 th .. • ' 

16-7 

30-50 

30*50 

8-4 

28-4 

8th 

1()3 

30*25 

30*60 

8-3 

28-5 

9th ,, y« 

ir>-9 

30-00 

30-60 

8-3 

28-6 

loth ,, M 

15-7 

30-60 

30-60 

8*5 

29-0 

1 Ith «» 

15*3 

30-60 

30-50 

8-4 

31-4 

I2th 

14*9 

30-50 

30-55 

8-4 

34-6 

I3th 

14-0 

30-25 

30-10 

8-3 

35*0 

Kallmoori 

15*9 

30-00 

30-00 

8-3 

34-2 
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Biota 

Flora. — -A very striking feature of the bheri is the complete absence of sub- 
merged phanen)gamic vegetation. Even on the embankments and exposed regions, 
there are few larger plants. Neither the mangrove formation of the type described 
bj^ Biswas (1927) in the Salt Lake area, nor the dense jungle seen in the bheris of 
lower Sundarbans, is present in this region. The exposed parts of the pond bottom 
are covered with grass (Family Graminae). The plankton of the ponds is rich in 
floral elements during a good part of the year. Among the phytoplankters, diatoms 
form a predominant group. The most common forms are of the genera, Navicvla, 
Pleurosigma and Qyrosigma. Among these, Oyrosigmu scalproidi^s is very common, 
especially during the colder months. Other common forms identifled from the ponds 
are Cymbella, Coscimdiscus, Cycloiella, Fragilaria and Amphipleura. Biswas (op. cit,) 
has given a detailed list of the surface and benthic algae other than diatoms, occurring 
in brackishwater bheris of the Salt Lake area. The Myxophycean genera found in 
the surface plankton were, Oscillatoria, Lyngbya, Spirulina, Anabaenay Nodulariay 
arid Rivularia and the Chlorophycean genera Protococens, Pediastrum, Hydrodictyon 
and Ankistrodesmus. The only desniid was Cosmamim. There were considerable 
quantities of algal spores in the plankton almost throughout the year. 

A notable feature is the thick growth of benthic flora on the pond botl^om. 
Associated with this algal matrix are many micrc^scopic animalcules, more parti- 
cularly during the cold months when thick mats of this growth are dislodged from 
the bottom to float on the surface near the pond margins or to be stranded on the 
haulms of emergent grass. Schuster (1951) has described this type of phenomenon in 
great detail. Different species of Oscillatoria arc the most predominant. Oloecapsa, 
Symplocay Protococcus, Enteromorphay Chuetomorpha and Polyaiphonia are also 
common, besides Lyngbya, Anahaena and Microcoleus of the surface plankton. The 
presence of many of the benthic algae in the surface plankton is due to the constant 
stirring of the waters by wave and wind action. Diatoms, especially, Oyrosigma 
acalproides are found growing on filamentous algae in the benthic zones. The cold 
season between December and March appears to be the peak period of floral growth 
in the ponds, while in the rainy season the quantity of flora decreases considerably. 
However, Oscillatoria and allied forms arc comparatively abundant during the 
rainy season. Spirogyra spp. occur in the iliotrophio layer during this season. 

Fauna. — Sewell (1934) has listed the animals that occur in the Gangctic delta 
and in the Salt Lake area, giving an account of the zooplankton of the area with 
special reference to copepods. A remarkable feature of the fauna in this bheri also, 
as observed by Chopra (Sewell, op. cit.), is the great abundance of individuals of 
different species of animals. Copepods (DiaptomuSy PsetidodiapUmuSy Acariiay 
Gyclopinay Cyclopsis) and Cladocerans form the most predominant items of the 
zooplankton in the ponds. Zoea and megalopa larvae, mysids and the young of 
prawns and shrimps were also generally found in the plankton. Ciliates and 
Flagellates, Helminths and Rotifers are found only in small quantities, during the 
rainy months and up to the beginning of winter. The quantity of zooplankton in 
the ponds, which is fairly high in the rainy season, is gradually reduced as winter 
approaches. 

The dominant elements of macro-fauna, other than the few polychacte worms 
and the Gastropod molluscs, Stenothyra and MelanoideSy are the Crustaceans and 
fishes. The common crustaceans are the following: — 

PenaeiLS sernisulcatus DeMaan, Penaeus indicus M. Edw., MeUipenaeus mouoceros 
Fab., Leander styliferus M. Edw., Palmmon rudis Heller, ScyUa aerrata (Forsk.), 
VaruTui litterata (Fab.), Metaplax derUipes (Heller). During the rainy season 
swarms of megalopa larvae of the common 6rab Varuna iitteraia abound in the 
pond waters. The crabs 8cyUa aerrata and Varuna liUeraia make holes in the 
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ombankmentfl of the ponds weakening them and ultimately leading to the complete 
collaptH^ of blt^eris in certain areas. 

The following fishes have been identified from the ponds: 

Sub-ClasH Aetinopterygii 
Family Chiy>eidae 
Pellona elongata (Bennett) 

Family Engrauliflae 
Setipinna phasa (Ham.) 

Thrissodes hamilionii (Gray) 

Family Cyprinidae 
Barbus (Puniius) stigma (Ham.) 

Family Bagridae 
Mystus gulio (Ham.) 

Family Anguillidae 

Anguilla hengalensis (Gray & Harden) 

Family Ophiehthyidae 
Pisoodonophis boro (Ham.) 

Family Belnnidae 
Xenfniedon carwila (Ham.) 

Fam i ly He in i r ham ph idae 

Hemirhamphus Ihnhains Cuv. & Val. 

Family Cy[)rinodontidae 
Aplocheilns panchax (Ham.) 

Oryzias mdastigma (McClelland) 

Family Mugilidac 
Mugil corsula Ham. 

Mugil parsia Ham. 

Mugil lade Forsk. 

Family Polyneniidao 
Ehutheronema ieiradactylum (Shaw) 

Family Centropomidae 
Ambassis baculis (Ham.) 

Lates calcarifer (Bl.) 

Family Theraponidae 
Therapon jarbua Forsk. 

Family Lobotidae 

Lobates surinamensis (Bloch) 

Family Leiognathidae 
Oerres setifer (Ham.) 

Oerres abbrtviaius Blkr. 

Leiognaihus insidiator (Cuv. & Val.) 

Family Scatophagidae 
Scatophagus argus (Bloch) 
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Family Eleotridae 
Eleotris butts (Ham.) 

Family Gobiidae 

Apocryptes lanceolatus (Bl. Sohn.) 

Brachygobius nunus (Ham.) 

Qlossogobius giuris (Ham.) 

Oobioptervs chuno (Ham.) 

Periophthalmus schlosseri (Pallas) 

Scartelaos viridis (Ham.) 

Stigmatogobius sadanandio (Ham.) 

Family Cynoglossidae 
Cynoglossus cynoglossua (Ham.) 

It will be seen from the above list that a large majority of the common estuarine 
fishes of the area is found in the bheri. However, the conspicuous absence of two 
species found in large numbers in the River Matlah is noteworthy. The grey mullet, 
Miigil speigleri Blkr. and the Bombay duck, Harpodon nehereus (Ham.), are com- 
mon in Port Canning and the neighbouring areas during a major part of the year. 
These fishes have not been found in the Ghutiari Sharif bheri at any time of the 
year, nor in the bheris of the lower Sundarbans. 

The common frogs Rana cyanophlyctis and Rana tigrina are occasionally found 
in the ponds. The little Cormorant (PhcUacrocorax niger (Vieillot) and the Darter 
(Anhinga mekinogasier Pennant), the Common King Fisher (Alcedo atthis Linn.), 
the Common Sandpiper (Actitia hypoleucos Linn.), tlic Brahminy Kite (Haliastur 
indus (Boddaert), the Cattle Egret (Bubulcus ibis Linn.), the King Crow {Dicrurus 
macrocercus Vieillot), the Pied King Fisher (Ceryle rudis (Linn,)), and the Yellow 
Wattled Lapwing (Lobipluvia malabarica Boddaert) are often seen either on the 
embankments or in the shallow regions of the ponds. The common crow is closely 
associated with the homesteads of the fishermen on the embankments. 


Fisii CUT.TURAL Practices 

The methods of fish culture in the Ghutiari Sharif bheri are very much bke 
those described by Hora and Nair (1944). The cultural operations commence 
about January-February when the ponds are stocked with fish fry. The ponds, 
which contain only little water at that time as a result of dewatering for fishing in 
September-December, are filled with water to the maximum extent possible. 
Generally, each pond has only one main sluice gate, but during this perifxl 
emergency inlets are also made so that the intake of water could be enhanced. As 
stated above it is only during the spring tides that the tidal waiter reaches the sluice 
gates. The main sluices are provided with shutters (Plate XVII, Figs. 3 and 4) to 
regulate the water level. At high tide these doors are opened and the tidal water is 
allowed to flow in. At the turn of the tide the gates are closed and the water is 
prevented from flowing out. In front of each main sluice gate is a V- or W-shaped 
screen of bamboo-gratings (Plate XVII, Fig. 6) with gaps at the apex of the V or apices 
of the W. In these gaps are placed atols (Hora and Nair, op. cit.) (Plate XVII, Fig. 6). 
These atols do not serve the purpose of collecting fry for stocking. In fixing them, 
the open side with the valve-like arrangement of bamboo spindles, is kept facing 
the pond. Some of the fishes in the ponds such as the mullets have the habit of 
swimming against currents, and in doing so are caught in these aiols. The bamboo 
gratings are kept in front of the sluice gates to prevent the fishes in the ponds from 
escaping when the gates are open. When emergency gaps are made in the embank- 
ments to let in additional quantities of water, the fishermen have an ingenious 
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rievico for preventing the escape of fishes from the ponds (Plate XVIII, Pig. 1). 
Th<». floor of the gap ma<ie in the embankment is usually about above 

the level of the water. The floor which slants away from the pond is paved 
with a j>nUa of bamboo grating, the end of which projects into the pond. 
Over this bamboo work is smeared a thick layer of clay. The tidal water 
that flows over the floor of the gap falls into the pond at a steep angle. 
Those fishes which approach the inflow of water find it imjx^ssible to nego- 
tiate the current and are unable to escape from the pond. The fishermen believe 
that fry of almost all the fishes in the ponds are obtained during this period. But 
the' autlior’s observations in this bheri as well as in other areas (Pillay, 1949 and 
1954) show that from among the im])ortant fishes, only the young of Mugil parsia 
and Mi/stus gulio and the prawns are available during this piTiod. Along with 
tht'sc', fingerlingfl of other fishes also enter the ponds. From this period onwards, 
until dewatering takes place, tidiil water is let into the ponds at spring tides. But no 
s|x*(^ial (‘ffort is made to capture the fry at this time as the water that flows in through 
the main sluice gates, contains the fry of various fishes. Fry f)f Mugil fade and M, 
cormUi have been noticed only during the rainy season, while small fry of the cock- 
up {Jxties caharifer) (1* to 2"' long) have been found only in July- August. 

After the comparatively intensive stocking of ponds from February to April, 
no attention is paid by the fishermen to improving the growth of the fish crop, 
apart from letting in water into the ponds, attending to the occasional repairs of the 
(embankments, etc., and keeping watch over the stock. The fishes feed on the 
autochthonous food material of the fK^nds as well as those brought in by the tidal 
water. During the dry months, when the water level falls, several twigs are stuck 
into the bottom of the canals, to prevent easy fishing by poachers (Plate XVIII, Fig. 3). 
F'rom about May- June the ponds are fished on a small scale mainly to meet the 
fishermen’s needs. Whenever tidal water is taken in, some fish, prawns, and crabs 
an^ caught in the atoU. *Tengra’ (Mystus gnlio) are caught by the fishermen by a 
v<'ry ingenious method. These fish also, like the mullets, have a tendency to swim 
against currents. But they arc generally unable to negotiate streams with a strong 
current. So, on the side of the main sluice gate and the canal leading from it, they 
dig a shallow canal. The mouth of this shallow channel is guarded by a low fence 
of bamlx^o grating and senne distance away from it is another similar fencing with a 
ga]) in the middle. Tide water from the main feeder channel leading from the 
river is allowed to flou' into the pond through this channel. I’he fish ascend the 
channel and gather below the bamboo fencing. At the turn of the tide or when a 
sufficient number of fish has gathered in the channel it is closed at the mouth either 
by means of shutters or by putting an earthen bund. The gap in the lower bamboo 
fencing is also chased. After the water in the channel drains off, tlie fish that have 
been trappefl in the channel are removed by hand. Cast nets are operated (Plate 
XVIIT, Fig. 6) for the capture of all fishes from the ponds during all seasons. 

Large-scale fishing o|>erations are carried out between September and Novem- 
ber. As no tidal vv^ater is required in the ponds during this period as much water 
as possible in them is let out. The fishes move into the canals and deeper areas of 
the ponds where the^e are fished by means of drag nets (Plate XVITI, Fig. 6), generally 
during the evening or at night so that the cratches could be sold early in the morning. 
The catches are sometimes kept in live wells (Plate XTX, Fig. 2) or live cages known 
as Hapar (Plate XIX, Fig. 1). 

Special deep Crab cages known as khonga (Plate XIX, Fig. 3) are also used for 
keeping fish alive in water but more commonly for emptying the catches from the 
atola. From the khongay the catches are transferred to hapars. In the morning 
the catches are brought in baskets to the Ghutiari Sharif Railway Station, a mile 
and a half away from the bheri (Plate XIX, Fig. 4), and sold wholesale to fiih mer- 
chants on the station platform, who in turn take them to Calcutta by the first 
morning train at 4-30 a.m. reaching Calcutta at about 6 a.m. 



PlLl.A' . 
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During the usual annual intensive fishing, large numbers of immature fish are 
also caught and sold. Formerly, it was the general practice to stock them in the 
subsidiary ponds (Plate XVIII, Fig. 2), where they were allowed till the main 

pond was again filled with water, and could gain access to the canal system and the 
pond proper, a practice which is now seldom followed. Another wholesome practice 
now obsolete, is the annual ploughing of the pond bottom after dewatering, the 
discontinuance of which is bound to have an adverse effect on the productivity of 
the hheri. 

The ponds which were formerly operated by the owmers, are now leased out for 
a period of one or two years on an annual rental of Rs.40 to Rs.SO per acre. As the 
period of lease is short the lessees are naturally interested in marketing all sizes of 
fish from the ponds that would fetch a price and not in incretising the productivity 
of ponds. Due to the complicated nature of the ownership and of the practice 
of leasing, it has been difficult to collect an}^ reliable statistics of production. It is 
noteworthy that the canals and the deeper portions of the ponds, whicli occupy 
30% to 40% of their area, are the most productive ones. The present output from 
such productive areas ranges between 100 and 150 lbs. of fish and prawns p(>r acre. 
The average prevailing prices of fish in the local market at the time of the investiga- 
tion were as follows: — 


Small mullets 

Large mullets, specially tade 

Cock-up 

Tengra {Mystn^ gulio) . . 

Large prawns 
Crabs 

Small crabs . . 

Miscellaneous fish and small prawns 


Rs. 

a. 

P- 

. . 1 

0 

0 per 

. . 1 

8 

0 „ 

. . 1 

8 

0 

. . 0 

12 

9 „ 

. . 1 

4 

0 „ 

. . 0 

8 

,, 

. . 0 

2 

0 

. . 0 

8 

0 „ 


Jb. 


Ecological Classification of the Fauna 


Based on their ecological significance, the more important elements of the 
fauna of fish ponds have been classified as dominants, influents and sub-influents 
(Hiatt, 1944). Dominants are ‘animals of outstanding abundance of conspicuous 
influence in the community’, and influents are ‘common animals which arc usually 
effective in modifying the well-being or numbers of the dominant group or of other 
influents without changing the essential structure of the community, their roles 
are generally shown in ponds as benefactors, competitors, or predators’. Those 
animals that ‘affect the life of the community, but to a lesser extent than do the 
influents’ are termed sub-influents. Following the classification adopted by Hiatt 
the faunal elements in the bheri have been classified as shown below. With the 
restricted facilities available to the author, it was not possible to try any of the 
quantitative methods which provide a more accurate classification. Hence the 
adoption of the standards employed by Hiatt {op. cit.). In addition to the species 
shown below some rare ones not taken into account in this classification are found, 
which do not affect the biotal conditions in the ponds in any noticeable manner. 


Dominants. 

Mugil paraia 
Mugil tade 
Laiea caJmrifer 
Penaeua semiaulcaius 
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iNFLTTETn’S. 

Mystus mlio 
Apocryjnes kinceolatiis 
Periopthalmns achlosaeri 
Lennder atyliferua 
MeUxpeJiaeua monoceroa 
Scylla serrata 

ScrB.INFI.UBNT8. 

Aplocheilua jxinchax 
Oryziaa melastigmti 
EUuiheronema tetradaciylvm 
Scatophagna argus 
Eleotris butia 
Gobiopierns chunn 
Stigmatogobivs aadn nandio 
VaruYui Uttprata 


Dominant Animates 
(1) Mullpta 

Grey Mullets. — Th(‘ Grey Mullets, Mvgil parsia locally known as ‘Parse’ and 
M. t(idf known as ‘Bhangon’ together form the most dominant group in the ponds. 
As intensive stocking operations are eon(luet(‘d in late winter when the estuaries 
te(‘m with their fr\ , the ponds have always a predominant population of M. parsia. 
Fn>m February to April, fry long are taken into the farm. By the end of the 
s(*ason, that is in about 8 months’ time, they attain a size of 4^ to O'’ in the ponds, 
'riiough mature females in the fourth and Hfth stages of maturity and ripe males 
with milt oozing out on the application of slight pressure have been seen in the 
eateh(*s, no evidence of their breeding in the ponds has so far been noticed.* 

Young of Mugil tade I" to U*' in length (‘liter the ponds along with the tide 
water during the rainy season and grow^ up to when the ponds are ready for 

dewatering. A small fK rci'ntage of them which survives the fishing activities thus 
obtains a fiirt her k^ase of life uj) to the end of the next season when they grow up to 9^"" 
to 10* in length. A still smaller percentage surviving up to the end of the third season 
reaches a length of to 14J*. Text-fig, 3 represents the length frequency distri- 
bution of the samples obtained from the bheri in 1940, and shows that the large 
majority of the catches consists of O group and I group fishes (vide classification 
given by Pi Hay, 1954). The available data indicate that the rate of growth of the 
fish in the i^Kinds is faster than in th(‘ natunil habitats (Pillay, 1954), though not 
as fast as that observed in several freshwater fishes cultured in ponds. 

Distinction is often made by the fishermen and the fish traders between river 
mulleta, sea mullets and bheri mullets. The author (Pillay, 1954) has shown that 
there are in’! significant differences between the fish stocks of the estuaries in Port 
Canning and the sea coast at Junput. A statistical comparison of the morpho- 
metry of samples of M. tade from the farm and of samples from the sea was made. 
The values obtained for each of the indices employed for the comparison are given 
in Table IV. These values indicate stilt istically significant differences in the six 
characters examined. In a recent paper the author (Pillay, 1953) has shown that 
the alimentary canal of bheri mullets is significantly longer than that of the river 


♦ A detailed study of the bionomics of this species has been made by Miss K. K. Sarojini, 
Asst. Research Officer, Central Inland Fisheries Research Station, Barrackpore. 




AVERAGE SIZE IN CM. 

Tkxt-fio. 3. The length frequencies of the samples of the Grey Mullet, Mugil tade, examined 

from the bheri. 
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D.A.F.B. - Depth through anal fin base. 

Number 1 denotes samples from the sea (Junpiit) and Number 2 denotes samples from the bheri. 
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and sea mullets. Sunier (1922) heis described simileu* changes in the external 
morphology of the Milk fish (Chanos chanoa) raised in Indonesian Tambaks (braokish 
water j^nds). Despite such marked differences, the bheri stocks cannot justifiably 
be considered as belonging to a separate race, as they are raised from those occurring 
in the estuaries. The changes in the morphometry of the fish are therefore likely 
to have been brought about by a landdocked environment, as the ecological con- 
ditions in the bheri are in many ways different from those of the estuaries. 

The extreme variations in the salinity of the bheri have already been referred 
to. The mullets belong to a strongly euryhaline group, capable of adapting them- 
selves to lowered salinities as evidenced by the direct acclimatisation practices in 
some parts of Bengal (PiUay, 1949). But very little is known about their adapt- 
ability to the high range of salinities which may prtwail in summer in shallow waters 
as happen in isolated pools of the bheris.* To ascertain the lethal limits of liigher 
salinities on Mugil tade, a series of experiments were conducted, in the field, with 
simple equipment consisting of large wide-mouthed jars of about 3i litre capacity. 
In the absence of equipment such as used by Sunier (1922) in Indonesia, waters of 
different concentrations were obtained by dissolving the calculated quantities of 
unrefined solar salt in fresh pond water. 

Fry long were used in the experiment which was repeated tlirice with a 

control in each case, to estimate the mortality due to rise in salinity. The results 
discussed below constitute the mean of the three separate observations. 

Twenty fry to l^"" long caught from the creeks were directly transferred 
to different jars containing water of salinity 30<^/oo, 35®/oo, 40®/oo> 45®/oo, 50<^/ooi 
60%oi respectively. The survival data (Table V) under the different salinity 
levels are delineated in Text-fig. 4. Even though it was not possible to study the 
effect of different pH concentrations and also repeat the experiments with larger 
fish, the results obtained indicate that a salinity higher than 3()-35%o is 
ducive to the well-being of mullets, at least of the young ones (}''-lK i^ 
in the ponds. This observation is of special importance to the bheri owners of the 
Calcutta Salt Lakes, as owing to the diminishing water supply from the Bidyadhari 
and evaporation and seepage in the ponds, the salinity of the water may increase 
considerably. 



Tbxt-fio. 4. The survival of Mugil lade fry under different salinity levels. 


♦ Pillai in a recent paper (Pillai, V. K. — Some factors controlling algal production in Salt- 
water lagoons. Proc. 5th meeting, I.P.F.C./C. 3) mentions about his observation that 

the blue-green alga Phormidium tenue can withstand salinities up to 100 parts per thouswd« 
Such observations on Indian fishes do not appear to have been made* 
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(2) Cock-up 

Laies calcarifer. — This fish, locally known as Bhekti, is an important and highly- 
priced spi cies. Very little precise information is available on its bionomics. Naidu 
(1942) (jbscrved bheJdi breeding in the Sunderbans in the winter season, where large 
mimbcrs <jf young ones were seen in the p<.)olB and ditches on the sides of the 
estuaries in April. According to Yingthavorn (1951), the spawning season of the 
fish is in the rainy season (May-September) in Thailand waters. In the present 
observations also, fry of Bhekti I"' to 2" long have been found to enter the ponds 
in th<3 rainy months only. They attain a size of about 5^ by October-November, 
when they are fishexl. Their averagt‘ growth in the second year is up to lO'" in length. 
Hora and Nair (1944) reported that in the bheris of the lower Sunderbans, the Cock- 
up was raised in sepirate canals, so that mullets and other important fishes may 
not be eaten up by this predaceous sp*cies. But in this bheri no such segregation 
is ptTmitted. However there an^ no intensive stocking operations during the rainy 
s(‘ason when tlujir fry are found in considerable numbers, and so the population of 
bhekti in (iie ponds is not as high as in the larger bheris of lower Sunderbans. The 
spt5ci(‘s is capable of acclimatisation to v(‘ry low salinities and can be seen in adjacent 
fresh watf^r areas int.o wliieh th(jy ascend from the river through the brackish water 
canals. They have nevcT been observed in the highly saline isolak^d pools during 
{MTiods of drought. 


(3) Prawns. 

Penaeiis semisulcaius is a dominant ])rawn of very great value in the markets, 
on the culture of which the fishermcm bf‘Htow great attention. The bagda chingri, 
m it is locally called, does not breed in the confined waters of the bheri. The larvae 
and young are brought in with the tid(‘ duriTig tlu^ winter months. They bury 
themselves in the muddy bottom of the ponds and grow very rapidly, feeding on 
the food resources of the iliotrophic layer. A length of is attained by the 

end of the season when most of them are caught and marketed. 


SoUROKS OK KOOI) SUPPLIE.S 

The main sources of food supplies for fish in the bheri are the tidal waters and 
the autochthonous biotal complex. As during the spring tides the river and the 
bfieri are connected, the incoming tides bring with them considerable quantities of 
plankton and suspended detritus. Within a short time after the tidal water is 
taken in, the suspended matter settles down to the bottom of the bheri. This 
detritus is rich in decaying organic matter which is an efficient fertilizer. During 
the rainy season, the bheri receives some amount of rainwater that flows into it 
from the embankments. This water also contains some nutrient salts that are 
w^ashed dtmn from the soil. The scanty decaying macroflora on the embankments 
also contribute in a small way to the fertility of the p)nds. The exposed areas of 
the bheriy as already mentioned, are generally overgrown with grass and Suaeda 
maritima. When inundated for a sufficiently long period with the tide water, these 
plants decay and add to the fertility of the ponds. Besides these chiefly external 
sources of fertility, there is the inherent richness of the soil, which mainly contri- 
butes to the growth of organisms which serve as food. The thick layers of benthic 
vegetation on the pond bottom play an important role in the sustenance of fish life. 
In shallow waters, however, the distinction between the benthic flora and the surface 
flora is not marked. The very considerable zooplankters in the bheri water do not, 
however, seem to be of any great importance as a source of food for the fish. 
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Biotic Intebaotion 
(1) Meilwds 

The biotic interaction in the bheri wtw stuilied by the examination of stomach 
contents of samples of ecologically important fauna, viz, tishes and crusta- 
ceans, collected at diflFerent times of the year. The main aim of this study 
was to obtain a general picture of the food habits and to understand the 
inter-relationship of the fauna with regard to their food and feeding habits. So the 
seasonal or other variations in the food elements were not examined in detail. 
The items of food of dominants, influents and sub-influents ak)ne are presented here, 
although the gut contents of the rarer species which exercise no signitiwiut biotie 
interaction in the ponds were also studied. For the purpose of this study smaller 
fishes were fixed and preserved in 6% formaldehyde. The alimentary tracts of larger 
fish were removed by dissection and fixed and preserved in 5% formaldehyde. 
Generally, only the contents of the stomach were examined, but when the 
stomach was empty the foregut was also examined. The contents of tlie rectum 
were studied regularly to ascertain the presence of undigested food. The stomach 
contents were analysed volumetrically by the displacement metliod in the wise of 
carnivorus species where they were easily separable and were found in measunible 
quantities. In other cases, the volumes were determined by eye estimation. Tht^ 
prevalence of each item was also estimated and expressed as a percentage of the 
total number of stomachs examined. 


(2) Food of Dominants 

Mullets. — The author has in a recent paper (1953) described the food and 
feeding habits of Mugil tade in this bheri. It was found that it feeds mainly on 
algae and decayed organic matter in these surroundings. Diatoms and miscella- 
neous items such as copepods, cladocerans, polychaete remains and foraminiferan 
shells were also found to have been consumed in small quantities. The food of 
M» parsia in the bheri has been independently studied by Miss K. K. Sarojini of the 
Central Inland Fisheries Research Station. She has found (Private communica- 
tion) that the food of this species is more or less similar to that of M, tade. Both 
the species feed on the benthic vegetation and organic deposits on the margins and 
bottom of the ponds. 

CoOK-UP {Dates calcarifer ). — The Cock-up or the bhekti is a well known pre- 
daceous species. Day (1878) found that Boleophihalmus koelreuteri was the 
favourite food of this fish, while Wallinger (1907) observed the mullet and 
the goby (Boleophthalmus boddaerti) to be its main food on the Konkan 
Coast. Mookerjee, Ganguly and Mazumdar (1946) have stated, however, that 
60% of its food consists of Crustacea and only about 22% of fish, the rest of the 
food consisting of algae (10%) and miscellaneous matter (Sponge spicules) (5%). 
Job and Chacko (1947), Devanesan and Chidambaram (1949) and Chacko (1949) 
have also stated that the main food of bhekti consists of fish and prawns. Chacko 
(1949a) found that the young stages were also piscivorous, consuming Oryzias, 
Aplocheilv^ and SpraieUmdes in large numbers. Hora (1947) did not consider its 
culture a paying proposition. Menon (1948) found that Teleosts formed the major 
portion (65-34%) of its food, the other items of food being Decapod Crustacea, 
Anomura (23-71%), Brachyura (2-23%), and minor Crustacea (2-95%). 

During this investigation 76 specimens of Bhekti ranging from 3-0 cm. to 24*4 
cm. collect^ from the bheri during different seasons of the year have been examined. 
Table V summarises the food items consiuned by the fish. 
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Table V 


Gut contents analysis of Latea calcarifer in the Bheri 


Food itema. 

% composition 
by volume. 

% of occurrence. 

Fish 

(Magil par sin, Mugil tade, Mystus gulio, 
Paeutiapocnfptes) . 

74- 1 

89*0 

(Vustacoik 

25-8 

450 

{Penaeus NemisulcfUus, Metapenaeus monO’ 
ceros, Leander styliferus, Varuna litterata, 
Crustaci'tto appendages). 



Plant matt or 
(Dried p^raHs). 

01 

2-5 


The above tabic hIiows that the economic species of fish and prawns in the bJieri 
form fMirt of the regular dietary of bhekti. 

Pkawn (Penaeus semimlcatus ). — There appear to be no published records of 
the food of th(^ common Bagdu chingri of Bengal (Penaeus semisulcatus), Sadasivan 
(1950) has observed that the young of the allied species Penaeus indicus feed on 
‘fuK^ j)arti(udate matter at the bottom, Har|)acticid copepods, other small crust- 
aceans and algal matter’. Table VI presents the summary of the gut contents 
analysis of 104 spt'ciinens, 8 cm.-18 cm. in length, examined during this study. 


Table VI 

Out contents analysis of Penaoiis semisulcatup 


Food itoms. ! 

% composition 
by volume. 

% of occurrence. 

Crustaceans (copopoiln) . . 

49- 1 

88-2 

Algal matter 

(Macro- vegetation and algae: Chlorella^ Micro- 
coleus, Polysiphonia, Symploca, Clado- 
phorn). 

42-4 

70-6 

Insoot larvae 

4-4 

6-9 

Detritus 

2-6 

23-5 

Fish remains (Orytias) 

1-3 

23-5 

Miscellaneous matter 
(Foraminiferan shells). 

0-2 

11-8 


The above table indicates that crustaceans and algae are the two most 
important items of food of the species. A good quantity of benthic vegetation 
forms a regular item of food of the prawn. Tlie adult prawns feed at the bottom 
of the ponds wliilo the young ones often bury themselves in the mud at the pond 
bottom. 

(3) Food of Influents 

Tknora {Mifstus gulio) 

Tengra has been considered as a larvivorous fish. Pearse (1932) found a 
snail in the stomach of one fish he examined. Chacko (1947) found diatoms, 
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copepods, prawns, small fish {Barbus, Oryzias) fish eggs, fish scales and sand in their 
guts. The gut contents of 44 specimens, 2"" to T-O"' in length, are presented in 
Table VII. * 


Table VII 

Out rA)ntents of Mystus ^^uUo 


Food items. 

% corn]K)sit ion 
by volume. 

of oocurnmee. 

Detritus 

30*7 

60-7 

Copepods 

17-5 

50-0 

Plant mutter 

14-6 

10-7 

(Filamentous algae). 



Decapod Crustacea 

12-5 

33-3 

(Adults and larvae). 



Prawns and their larvae 

100 

r)0-0 

Fish (Oryzias) 

8-7 

16-7 


The above results indicate that the fish is omnivorous, detritus being the major 
item of food. Mature specimens obtained in July- August had empty stomachs. 

Goby {Pseudapocryptes lanceolaius) 

Pearse (1932) observed filamentous algae, plant remains and mud to constitute 
the major part of its dietary. Hora (1936) found young ones up to the 20 mm. 
stage feeding mainly on planktonic copepods, and adults entirely on mud. 
Mookerjee, Ganguly and Mazumdar (1946) recorded algae as the major food (B5%); 
and Protozoans (5%), insects (3%), and sand and mud (7%) as minor items. The 
summary of th(‘ gut contents analysis of 180 specimens of the fish ranging from 2-6'' 
to 6-9" in length is presented in Table VIII. 


Table VTTL 

The gut contents o/ PBoiidapocryptes lancoolatuH 


Food items. 


% composition 
by volume. 


% of occurrence . 


Algae and algal spores 

{Cosniarium, Desmidium, Spirogyra, Micro- 
coleus, Anahaena, Enterornorpha, Poly- 
siphonia, Oscillatoria, Chactomorpha). 
Decayed organic matter 
Diatoms {Cyclotella, Qyroaigma, Navicula) 

Sand grains 


78-1 


100 


100 

7-0 

4*3 


57* 1 
71-4 
57- 1 


It is seen that this fish is strongly herbivorous in habits and takes benthic 
vegetation as its main food. 


Walking Goby (PeriopMhalmus schlosseri) 

According to Hora (1936) this fish has a varied menu including almost every- 
thing found on the mud flats, and can jump up in the air to a height of few inches 

5 
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to c/itch flying inwects. The gut contents analysis of 80 specimens, 1-2' to 2-6' in 
length is given in Table IX. 


Table IX 

The gut contents of Periophthalmus scMosseri 


Pood items. 

% composition 
by volume. 

% of occurrence. 

OotrituH 

673 

100-0 

IrirtooU (wator hootlf3ft) and younjr spiders 

18-5 

70-0 

Mi(;robenthie and diutonis 

(Microcoleus^ Oscillatoria^ Anuhnena^ Navicula). 

00 

25-0 

O)pepod8 

5-2 

1 

45-0 


"I’he tabh*. shows that tliis syK^cicH of fish has a clear bias to detritus with insects 
and mi< rolxuitliic vegetation playing a minor part in its dietary. 


Sum MV {Leandcr styliferus) 

'I’he author is not aware of any n^eords of the food of this shrimp in Indian 
waters. Hiatt (1944) found Leander dehilis and Leavder 'pacificus in Hawaiian 
fish yxmds feeding on microlKuUhos and dedritus. The results of gut contents 
analysis of 300 specimens, 0 5"- 1-75'' long in this investigation are summarised in 
Table X. 


Table X 

Out conlenls of Lounder Biyliforus 


Pootl items. 

% composition 
by volume. 

% of occurronco. 

llotrituH (with dccuyed and dried up plant mutter 
and sand j^rains) 

.53-3 

100-0 

Pi lumen tons al^ao 

43-3 

00-0 

{Folysiphonia, Enleromorj^hUy O,scillatoria). 
Diatoms 

3-1 

66-7 

{CoscinoJitfcus^ Navicula, Gyromgrnn). 
Mi.scollaneous matter (Crustacean append- 

ages, Volychaete rernaina) 

0-3 

.5-0 


This table show's that the food of L, styliferus is very much like that of its 
congeners in the Hawaiian fish pmids, consisting mainly of mierobenthic vegetation 
and organic detritus found on the bottom of the ponds. 


Prawn {MetapenamB monoceros) 

The gut contents analysis of sixty-six specimens of Metapenaeiis monoceros 
ranging from 2*3'' to 4*^ in length is given below in Table XI. 

53 
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Table XI 

Out contents of Mot4iponaou8 monocoros 


Pood items. 

% composition 
by volume. 

I 

% of ocourronoe. 

Detritus (consisting of decnyod pUint matter, 
animal remains, sand grains, eUi,), 

Copepods and copepod appendages 

791 

100-0 

ISO 

63-6 

Filamentous algaci 

1-8 

27-5 

{Oscillatoriay Polysiphonidy Cloilophora), 
Diatoms 

0-5 

2-5 

(Coscinodiscus, Namcula). 




The main food of this prawn in these ponds appears to be detrit)is. The 
copepods consumed may have been dead or live ones associated with the benthic 
vegetation. 

Crab {Scylla serrata) 

Hiatt (1944) found this crab f(‘eding on shrimps. The gut contents analysis 
of 88 crabs from tlie bheri, 0-8" to 4-5'' across tlie carapace, is presented in Table XII. 

Table XI 1 

Gut contents of Scylla sorraia 


Food items. 

% composition 
by volume. 

% of occurrence. 

Prawns and shrimps 

6i>-8 

83-3 

{Leander styliferus, Metapenaeus spp.). 

Fish (gobeids, mullet fry) 

13-2 

41-0 

Detritus «"ind sand 

IM 

41-0 

Algae and higher plant fragments 

{Chaetoniorpha, MicrocoLeua, Polysiphonia) 

8-5 

41-6 

Molluscan shells 

1-4 

8-3 


The main food of the crab consists of prawns and shrimps. Hiatt (op. cii,) 
found no evidence of piscivorous habits in this species in Hawaiian ponds, but the 
present study indicates that small fishes also form a minor item of its diet. 

(4) Food of Suh-influerds 
Indian Kjllifish {Aplocheilus panchux) 

The Indian Klillifish (Aplocheiltis panchax) has been considered a highly efficient 
larvivorous fish by numerous workers (for an account of previous work see Job, 
1941). Hora (1938) observed this fish feeding normally on ants and other insects 
and on mosquito larvae only when introduced into special areas under favourable 
conditions. Job (op. cit,) corroborated this with his observations in natural en- 
vironments where the percentage of mosquito larvae consumed by this fish was as 
low as 4%, the main items of food being ants, water beetles, lower crustaceans, 
young stages of crabs and shrimps. These organisms together with traces of 
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minute GiUjtropxlH, other molluscs and some miscellaneous animals made up 98^% 
of the total foods, the rest (1J%) being made up of diatoms, algal filaments, plant 
remains with sand and inorganic fragments. The gut contents analysis of 20 
H|K*(:irru!ns of th(j fish from 1*3'' to 2" in length from the bheri given in Table XIII 
sliows that under the ecological conditions prevailing in these pt^nds, water beetles, 
insects and insect larvae constitute the main items of food. No mosquito larvae 
were identified from the guts. 

Tablk XTIl 

Out conlr.nln of Ai)locheilus punchax 


I’ood itoiria. 

% composition 
by volume. 

1 

% of occurrence. 

Walter hootloH 

OfiO 

75*0 

Inserts und insect larvae 

27-5 

500 

TMaiit matter ( Filainontcus alji^ae) 

6-25 

750 

l.>a|>htiids 

i-2r> 

25-0 


Kii.1 UKJSH (Oryzia^ indasligtna) 

Oryzias mdasiigina, like Aplocheilus -panchax, is regarded as an efficient larvi- 
vor(‘ hy s(^veral worke rs, though no detailed work appears to have been done on the 
tdod and feeding habits of this s[)ecies. Guts of forty specimens 0-7" to 1-2'' in 
length W'ere examined and the analysis of the contents is shown in Table XIV. 


tauck xrv 

QiU f'ont^^nts afUfhfsis - f Ory/ius inolastignm 


% of occurrence. 


S71 10U.() 

s-s r>,3-s 

4' 1 46- 1 


It is IK ito wort hy Mint no aninml nuitter of any kind was found in the guts of the 
specitnens which wen? collected mostly from small jxiols on the margins of ponds 
where benthic vegetation is obviously the main source of its nutriment! 

Indian Salmon (Eleutheronema tetradaclyhim) 

The Indian Salmon is a wi‘11 known predaceous fish of the estuaries, feeding on 
prawns and crabs, small fishes, and bivalves (Giulsen, 1898; Job and Chacko, 1947; 
Chacko, 1949). Macdonald (1948) observed the young grey mullet to be a ‘dainty 
morsel’ of these fish. In twenty specimens ranging from 2-7'' to 11-2* in length 
examined by the author prawns and shrimps were found to be the most dominant 
item of food. The percentage of fish in the gut contents is not high enough to class 
it as a major enemy of the dominants in the ponds though yoimg mullets are 
also found in the guts occasionally. The majority of specimens had fed on shrimps 
{Lmnder styliferus) and Mysids. During the rainy season megalopa larvae of 
Varuna lilterata have figured as an important item of food. 


Almu^ ( Kilamt'iitoii.s ainl uiiict'lluliir) 

Diatoms 

•Saud grains 


Fooil items. 


e,, com]io ’ition 
volume. 
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Leopard Pomfret (Scalophagns argus) 

Day (1887) found this fish to be a foul feeder, while Mookerjoe, Ganguly and 
Mazumdar (1946) found 72% of its gut contents cx)mjK)scd of plant matter (uni- 
cellular, multi-cellular and higher plants), and the rest consisting of protozoa, 
worms, crustaceans, fish scales and sponge spicules. The same authors (1949) 
found the young stages feeding mainly on diatoms, and fry above 0-8'' hmg, on 
animal food. The piscivorous tendency begins to manifest itself from the l^*" 
stage, but the adults are omnivorous. Chacko (1949) reported algju> {Oedogonium, 
Cladophora, Spirogyra, Oscillatoria and Lyngbya) as the main food of the species. 
Fourteen specimens of the fish 0-8* to 3-3'' in length examined by the author had 
fed on filamentous algae {Polysiphonia, Gha^tomorpha and Enterornorpha), 

Sleeper (Eleoiris butis) 

Hora (1936) found in its intestines fragments of shrimps, etc., and classed it as 
a voracious indiscriminate feerler. In the ten fish examined by the author, only 
Leander styliferus and mysids were found in tlie guts. 

Transparent Goby (Oobiopterus chvno) 

The food habits of this species have b(‘en described in a separate paper (Pillay 
and Sarojini, 1950). The fish from the bheri seemed to live mainly on copepods, 
and occasionally on nauplius and zoca larvae. 

Goby {Stigmatogobius sadavandio) 

Hora (1936) found remains of amphipods in the guts of this fish. Fifteen 
examples l ^'' to 1-7'' in length, from the bheri had 67*5% of the gut-contents in the 
form of detritus, 22-5% of filamentous algae (Polysiphonia, Chaetomorplui) and 
10% animal matter, mainly insect remains. The natun^ of the gut contents strongly 
suggests it to be an iliophage, feeding at the bottom of the ponds. 

Crab {Varvna litterata) 

There does not appear to be any record of the food of this species in Indian 
waters. Twenty-one specimens of this crab, O-O'" to 1-2'' across the carapace, had 
their guts almost full (92-3%) of benthic vegetation (Polysiphonia, Enterornorpha and 
Cladophora), diatoms (Cyclotella, Surirella and Spirvlina). Detritus containing large 
quantities of decayed and decaying plant matter formed about 7-3% and miscella- 
neous matter constituted 0*2% of the gut contents. As Megalopa larvae^ of this 
crab feed on fish larvae, they might prove detrimental to the fish larvae entering the 
ponds. 

(5) Inter-relationfi of the food of the fanna 

The food relations of the ecologically important animals in the bheri are 
represented in Text-fig. 6. One outstanding feature of this relationship is the 
predominance of iliophagous animals. The benthic flora and detritus form major 
items of food of the mullets, prawns and shrimps. While the mullets {Mugil parsia 
and M, tade), the pravms (Penaeus semiaulcaius), and the Crabs (Scylla aerrata) are 
of economic importance, the gobies {Apocryptea lanceolaltta, Periophthidmua achloaaeri, 
Stigmatogobius aadanandio) and the KilUflsh {Oryzias melaatigma), are not of any 
market value. They compete with the dominants in the ponds for food, and should 
therefore be eradicated as far as possible. 

An examination of the tables of analysis of gut contents shows that the surface 
phyto- and zoo-plankton are not consumed in any appreciable quantities by the 
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Text-fig, 5. Diagrammatic representation of the biotic interaction of the ecologically important fauna of the bheri. The arrows point 

from the animal to its main food items. 
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majority of the ecologically important fauna. Tengra (MysUis gulio)^ the Bagdu 
chingri (Penaeus semistilcaius), the Killifish (Aplocheilus panchax)^ and the Trans- 
parent and Walking gobies do feed on them; but it is only the Bagda chingri that 
consumes any appreciable quantities of plankton. 

The bhekti (Lates calcarifer), the Indian Salmon {Ehviheronema tetradnctylum)^ 
the Sleeper (Eleotris butis) and the Cmb (Samudra kenkra) (Scylla serrata) are the 
main carnivorous species in the ponds. Of these, the bhekti is definitely a major 
predator of the dominant animals. As the number of Indian salmon and the 
sleey)er (Eleotris butis) in the ponds is not very high, the harm done by them is not 
very conspicuous. But the crab, Scylla serrata, is found in such largo numbers 
that they take a heavy toll of prawns and shrimps, especially their young stages. 

The picture of biotic interaction in the ponds indicates a high demand on 
the benthic vegetation and detritus and a negligible one on surface plankton. 

Dtsoussion and Recommendations 

The present status of fish culture in the bheri is not very satisfactory owing to 
the conspicuous lack of concerted effort to improve production. As in many other 
bheris, the fishery consists more of capture operations than fish culture. Since 
such operations ultimately help in reclaiming these areas for paddy cultivation, 
many of the bheri owners attach only a secondary importance to this industry, 
resulting in this old and beneficial fish cultural practice being given up. Rao (1949) 
has referrcHl to the great contribution that fish culture in brackishwaters, can make 
towards fish production in India. An all round intensification of culture operations 
is essential to increase the productivity of the embanked brackishwaters (bheris) 
in Bengal. 

(1) Water supply, — An important reason for the deterioration of the bheri under 
observation, like many others in the area, is the unsatisfactory water supply, due to 
the greatly diminished tidal range in the river in recent years. Although the im- 
provemcmt (ff water supply by excavation of the river bed is the only obvious 
solution under the circumstances, it is generally held that th(^ enormous quantities 
of silt carried down by the river will soon silt up the excavated river bed, reverting 
to the original conditions in a short period. It has, however, been found that at 
Taldi only about four mil(‘s down the river, a tidal range of 8 to 12 ft. now obtains, 
giving rise to bheris with a perennial water supply in that area. This tidal range is 
not appreciably different from that obtaining in the river Matlah at Port Canning.* 
As the distance from Taldi to Ghutiari Sharif is very short, it should not be difficult 
to improve the river conditions, here by the removal of the accumulated silt. 
Engineers consider this suggestion feasible, and it merits a trial as this will improve 
the condition of many other bheris in the locality. 

In the pond system itself, the canals and the main feeder channel can 
be deepened by proper excavation, resulting in larger quantities of water flowing 
into the ponds. 

The fishes, prawns and crabs in the ponds can withstand wide variations in 
salinity, and can therefore acclimatise themselves to life in freshwater. It would 
appear, therefore, that the place of tidal water can be taken by freshwater from the 
canals outside the bheri in which a more or less constant depth of water is main- 
tained throughout the year, even after considerable quantities of freshwater have 
been drained off during the rainy season. These canals can also be employed for 
the storage of freshwater, thus converting a portion of the bheri into a reservoir for 
the purpose. The possibility of pumping in river water or providing tube-wells 
worked with the cheap aid of windmills to feed the ponds, is also worth investiga- 
tion. 


♦ Information obtained from Mr. A. N. Banerjee, Outfall Engineer, Calcutta. 
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(2) HeUctive Blocking One. of the main reasons for low production in the ^nds is 
inadc(|uate k^rl^^ -\s stated above (page 408) iriterLsive stocking is done 
during t h#‘ u'lnter .seiis(»n vvtien the fry of only a few important fishes arc available, 
and the ^upplv of tidal water for stocking purposes has diminished as a result of the 

up of the riv<‘r. As fry of mullets and young prawas are available in thous- 
ands in tlie sliallow [>oo1h and swampy areas near the river and the hheri, they can 
be (olleettsl with nets made of mosquito-netting during the monsoon season when 
the fry of Mug'd tn<k are also available. A circular type of dip net such as is used 
by the iinheriru-n for erab fishing (Hora, 1935) in this area and for mullet fry on the 
( Vuitui (Pillay, 1919) can be employed with the aid of a string attached to the 

circular frame to facilitat(‘ dragging in jiools. The fry can be transported in earthen 
handies in tin* maimer adopted by th(‘ fishermen of the Contai Coast. The adoption 
<jf the stocking method sugge.sted aliove will not only allow selectivity of fry but 
also ptwi iii tie entry <»f a large numlxu' of undesirable speei(\s. A sufficient number 
nf fry of M . i<ule eun alsu be storked in the ponds. 

(3) f^mlator control The dominant and palatable Bhekti, is a voracious feeder 

and a confiruHsl enemy of (lu^ <'eonomieally important fishes including mullets, and 
tlie rnctiiods of its euliure d(‘serve therefon? special consideration. Hiatt (op, cit.) has 
< xpressed llu* <»pinion (hat the rearing of carnivores for market purposes takes the 
income of {h(‘ operators into the realm of dirninisliing returns. According to 
MaeCinitie (1935) the plant wi ight at th(‘ beginning of tlu‘ food chain is greater than 
any wiught follov' ing, due to the dissipation of weight along the food chain. It has 
been eonsidiTed (vide Pearst*, 1939) that bottom feeding fish cimsume a total of 
about t(‘n times their own weight (‘aeh year. He estimated that 10,000 pounds of 
algae make p<»im(ls of tiny erustace«ans, which make 100 pounds of small fish, 

and in turn lOO jiounds of small lish make 10 pounds of large fish or one pound of 
man. As in the Hawaiiaii fish ponds these proportions ar(‘ very much altered in 
this brackisliwater hheri also, since the small and large fish consume algae and 
detritus dirtctly. The weight ratios (‘slimated by Hiatt (op. cit.) viz.^ 10,000 lV)s. 
(if alga, and detritus tor 1,000 lbs. of herl>ivorous fish, l,00i) lbs. of luTbivorous fish 
for al)out Ptt) [M>imds of earuivorous lish, might Ix' mon* indicat ive of the conversion 
processes in this hh ri. About PH) Ihs. of small carnivorous fi.s)u‘s may be necesvsary 
to mak<^ up lO lbs. of la,rg(^ carnivorous fish. These facts are ei'dainly suggestive 
of the iuu‘couomi(‘ natun’ of (he euKun* of jiredaeeous fish. However, the fishing 
industry like any other imlustry, has to run on the principles of demand and supply. 
As the Coek-up is a welbrelislied lisli and ccunmands a good market, it would not be 
advisnhh' to stop tlu'ir culture. It may he economical, however, to culture them in 
separate jxmds and thus ])r(‘ven1 the destruction of the other economic varieties of 
fish and [)rawns. The gobies form an uneconomic group of predominant fauna in 
the |)onds. But in the ponds the Cockoips do not seem to feed on them in large 
numbers, probal)Iy because tluyv are too agile and capable of taking shelter on the 
t^xpose^l mild flats. How(‘ver, if tlu' fish (ulturists can capture tliese numerous 
small gobies and artilieially feed the Coek-up with their flesh, it may serve to fatten 
them and aeoelcTate thtur rate of gn)wth. Ehnthcroneina tefradactylnrn is not a 
predominant sjK'cies in the ponds and if .si'leetive stocking is resorted to, it should 
not bo difficult to control their populathm. The erab, Scylla serrata. is harmful 
in more than one way. It is prtMlatory as stated above' (page 419) and is responsi- 
ble, along with Varuna liUerata, for burrow ing and thus weakening the embankments. 
However, its main food consists of the shrimp (Leandcr stylifenis) which is only of 
secondary importance in the |>ond-ect>nomy. The only means of controlling it 
appears io be intensive fishing for adults and preventing the entry of young ones 
though sluice gates by means of suitable wire-net fencing. If selective stocking 
is adopted, the sluice gates can be covered with such protective devices to prevent 
the entry of undesirable species, ^ 
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(4) Production of food for fish, — At present the fish culturists do not attempt the 
augmentation of food resources for the fish in the bheri, as is done in the culture of 
freshwater fishes in ponds. The author (Pillay, 1953) has referred to the best means 
of increasing fish food resources in the brackishwater farms in India through the 
culture of algae as practised in Indonesian and Philippine waters, where periodic 
draining and fertilization contribute to rich growths of algae in ponds. In East 
Java, ponds are drained as many as four times a year, and sometimes every few 
days to stimulate growth of Myxophyceae in them (Schuster, 1951). The same 
phenomenon may be observed in the bheri, if it is drained and exposed to the sun 
for a couple of days. The high organic contents of the soil in these ponds allow 
of such drainings without much detriment to the basic fertility of the soil, but as 
pointed out already, the lack of an adequate water supply makes this method im- 
practicable. This circumstance makes it essential that all available water should 
be conserved for the proper operation of the ponds. So, the most practicable means 
of increasing the growth of myxophyceae in these ponds seems to be the application of 
manures to the soil and not to the water which w ill help to grow only phytoplankton. 
Schuster (1951) has recommended for Java the use of green manure, about 1,500 lbs. 
of grass or mangrove leaves per acre, to produce good results. In view of the 
fact that the fishery owner usually cultivates paddy also in the nearby fields, he may 
be in a position to use sufficient quantities of green manure to fertilize the ponds, 
if not superior t 5 ^pe 8 of organic manure, as there arc considerable swamps over- 
growm with grass and other vegetation near the hheri. These could be collected and 
deposited in the ponds in suitable localities to decay slowly and supply the necessary 
nutrient material for the growth of algae. 

The provision of ‘collectors’ for the attachment of algal spores was also 
suggested by the author in a recent paper (Pillay, 1953). As these will help the 
young fry only, and not fish larger than about 2" in length, it will not be economical 
to adopt this suggestion, unless separate nursery ponds are maintained for the 
purpose. 

(6) Extension of rearing period, — ^As stated above (p. 408) the majority of the 
dominant fishes are caught at the end of about three to nine months. The former 
practice of transferring these immature fish into the subsidiary ponds at the time of 
draining and final cropping shoxild be revived so that a better yield could be ob- 
tained. At the end of the second year they would have attained a marketable size 
fetching a better price. As Mugil tade and Lutes calcarifer rapidly increase in 
weight after the first one or two years of their life, they should be reared for periods 
longer than two years. 

(6) Development of subsidiary industries. — Suaeda maritima, the characteristic 
vegetation of the embankments of the bheri, is often collected by people for con- 
sumption as a vegetable. The fishermen do not evince any interest in the 
cultivation, utilization and sale of this plant from which they could derive a good 
subsidiary income. The embankments of the bheri are devoid of any large shrubs 
or trees. Under similar conditions Schuster (1951) has recommended the planting 
of Tamarind trees (Tamarindus indicus L.) on the embankments of tambaks in 
Indonesia. Besides providing good shade, the tamarind fruits command a good 
market. A full grown tamarind tree produces above 50 lbs. of fruit annually if 
planted at distances of about 50 ft. 

The coconut palm has very strong halophytic tendencies (Ferguson, 1937) 
and can thrive well on brackish soils. The soil of the embankments of the bheri, 
which is also rich in humus, may prove quite suitable for the cultivation of 
coconuts. 

Summary 

A detailed description of the topography of a brackishwater bheri at Ohntiari sharif is 
presented. The salinity of the water was found to fluctuate considerably during different 



426 l\ V. A VtlAJiY : THE 1600rx)GY OF A BRACKISHWATBB BHERI WITH SPECIAL 

The riopt.h of water in the pondii varied with the seasons and the spring and neap 
tides The m(An features of iho flora are the scarcity of macrovegetation and the richness of 
growths of algae. Cofjepods occur in large numbers in the siirface plankton, 
Prawns shrinsfm and fishes form the main macrofauna of the ponds. The young of these ere 
allowe^l inh» tho ponds for piirjwsee of culture. A classified list of the fishes occurring in the 

r>ond« iH given. j ^ * x 

'fhe finh culture practices are described. Young fish and prawns are aomittea into the 
}K)ndH at spring tides, mainly from January -April. A sufficient level of water is maintained in 
the ponds by letting in water through sluice gates during spring tides. By about October- 
NTovember, the |x>fidH arc dcwaterwl and the fiKhes and prawns are removed for sale. Mullets, 
Prawns and Cork -up are the dominant animals ciilt«’red. The catfish {Mystus gulio) and the 
shrunfi {Lcundfr also grow in the pornls in large numbers. The estimated production 

fr<»ra the piuidn is about 100- 1 fiO lbs. per acre of inundated area per year. 

The ecologifally importiint fauna nf the ponds is divisible into three categories, vir.., 
dominants, infiuentH and sub-influc^nts. Their foo<l relations were studied by the examination 
of the gut contents of specimens caught from the ponds. A predominance of TIiophages has 
bfsm ohsT^rvisl. !♦ was foiual that the surface plankton is consumed only by very few animals, 
'fhe Co< k-Mp anrl the Crab {iSrulUf Hermta) are the main predatory species. 

PriFHsihle moans of tncrt)aMing production from tljo hhf‘-ri are con.siderod. An intensification 
of operations is cHsential for better \ iolds. The water stjf)ply has to be improved either by 
faciiitat iiig tidal flow or supply of fresh water at suitable periods. 

Solo<-tive Htoi’king will enahh' a h<*tter contrrd of the pond fauna. The main predator, the 
Cock up, can he culttiretl in isolated cHiinls or ponds, so that it will not food on the economically 
important, fv^hrs and prawns 

Kegular riraming af ponds for incrcfising algal grow'ths as in Java and the Philippines may 
not he pti^nihlt' m this 6Acrt due to the rostri»*tod water supply. However, the production of 
algae <’an he imacased hy tlie apf»li(‘ation <jf suitabh* organic manures on the pond bottom. 

\n extension o^ t)je rearing perirxl oi the fishes like Muqil fade and Lates cnlcnrifrr to two 
or fhrofi ye/u-H wad he dcsirahle from the point of vimv of economics. 

'('he planting of coconut palms and tamarind trees on the embankments may, besides 
providing good shade in this ojien area, help in enhancing the income of the fish culturists. 
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yVVUlEH OS CVT0("HKMI8TKy OF HORMONE ACTION 

XV. I’llE EKEKC*!’ OK AoaKNOCOKTIOOTROPIirC HORMONE (ACTH) ON ALKAIilNE 
rn/^sKiiATASK activity in the pars intermedia ok the cat^s hypophysis 

ht/ .1. N. Kakkkn ai‘d Amiya B. Kak, Central Drug Research lustitute, Lucknow 
((V)mmunicated by B. Mukerji, F.N.l.) 

{Rrreivfd Fehruary 24; read May 7, 1954) 

Introduction 

Karkiin el nl. (I9r)4) roport(*(l a marked hypertrophy of the basophile cells of 
the parH mternedia <4* (^ats treated with ACTH. They also observed cytological 
rhanjjfcs in tli(‘He (‘ItTnenta which clearly resemblecl the hyaline changes of Crooke 
On th(‘ basis of thes('- findings they suggested that the basophiles were 
prohiih'ly stimulated by AC'FH to secrete excess amounts of melanophore hormone. 
'I’he (iala (iresented lienMiraier subscribe additional evidence in support of this 

toncipt. 

Th(‘ prcs(uice of alkaline [>hoaf)hatase has been demonstrated in the pars distalia 
of tilt' guinea-pig (Abblins, 1948) and the cat (Romieu et al,, 1951). But no attention 
a|»p(^ars to ha ve been jiaid to t lu^ localization of the enzyme in the pars intermedia. 
We, tlK'n'Iore, iakt^ this opportunity of reporting the distribution of alkaline phos- 
pliatase in the pars intermedia of the cat’s hypopliysis. 

F^xpehimental Procedure 

Kight lemale kittens, weighing 896±*'^*5 gms., were used in this study of which 
I wt're injt'ctt'd with AOTIT (‘Corticotrophin’, Wilson Lab., Chictago, U.S.A.) at the 
ratt^ of 2 mg. (in 0 5 e.e. ot sterile distilled water) twice daily. The injections 
were given at intervals of 12 hours. This do.sage was continued for 5 days 
and from the flth day it was inerc'ased to 3 injections of 2 mg. daily spaced at 
intervals of S hours. 4’his rate was maintained for 7 days after wliich the animals 
were saeriiieed. In all. tlie period of treatment lasted 12 days during which a total 
of 02 mg. of the liorrnonc was administered to each of the experimental animals. 
The control animals weri' injected with 0-5 c.c. of sterile distilled water in a similar 
manner. 

A\>toj>sy followed 24 lunirs after the final injections. The pituitaries were 
(‘urefully dissected out and fixed immediately in chilled 80 per cent ethyl alcohol. 
The serial paraffin sections of the gland were processed according to the technique 
(d <4omori (1941) tor the demonstration of alkaline phosphatase. The sites of 
pfiospluitase activity in the tissue .sections were marked the deposition of cobalt 
sulphide in the line black granules. In order to allow critical observation of these 
granular deposits no counter.stain was used. The sections w^ere dehydrated and 
mounted in the usual manner. 

Results 

Cofitrols : The cellular architecture of the pars intermedia of this species has 
already been de^ribed in detail (Karkun et aL, 1954). In brief, the basophile cells 
constitute 95 per cent, chromophobes only 0*5 per cent and the macrophages 4*5 
per cent of the total cellular elements of this pituitary component. 
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The nucleus of the baaophile cells shows positive reactions for the enzyme but 
the cytoplasm stains rather faintly (Fig. 1). A similar pattern is noticeable in the 
chromophobes but the macrophages exhibit an intense phosphatase activity both 
in the nucleus as well as in the cytoplasm. The endothelium of the vascular sinusoids 
also react in a strong positive manner (Table I). 

Tablk I. 

TJie distribution of alkaline ‘phosphatase in the pars intermedia of normal and ACTU 

treated cats. 



Normal 

ACTH 

treated 

Basophiles — 

Nucleus 

"f 

4~ 4- 

C'ytoplasm 


4-4- 

Chromophobes — 

Nucleus 

H 

4- 4- 

Cytoplasm 

•f 


Macrophages — 

N'ucleus . . . . 

-f f 

-h -h 

Cytoplasm . . . . i 

4- 4- 

4- 4- 

Vascular sinusoids — 



Endothelium . . . . 

4- 1 ^ 

4- 4- 


Evaluation : — 

^ Positive reaction. 

_ Positive reaction but faint. 

+ + -- Strong positive reaction. 

ACTH treated: ACTH treatment evokes considerable hypertrophy of the 
basophile cells. Their c 3 d}oplasmic granules become much coarser and aggregate in 
a peri-nuclear manner leaving the rest of the cytoplasm as a dense hyaline matter 
(Karkun et at., 1954). The nucleus of these cells stains more intensely for the enzyme 
than in the controls. The basophilic granules of the cytoplasm also react in a 
strong positive manner (Fig. 2). It may be recalled that in the control animals 
only negligible amounts of phosphatase are visible in the cytoplasm of these cells. 
The macrophages and the chromophobes do not show any change in size or morpho^ 
logy after ACTH treatment. However, their nuclei stain slightly deeper than in 
the controls. The endothelium of the vascular sinusoids continues to give a strong 
positive reaction for the enzyme (Table I). 

Discussion 

The interesting fact which emerges from the present study is the pronounced 
increase in alkaline phosphatase activity in the cytoplasm of the basophile cells 
after ACTH treatment. In contrast to this, the cytoplasmic phosphatase of other 
cellular elements does not show any response to the hormone though a slight incre^ 
in enzyme activity is noticeable in the nuclei of all the cell tyipes. Now, according 
to recent views protein synthesis proceeds at par with the activity of the phosphatases 
(Roche, 1950). In view of these, it may be reasonable to assume that the enhanced 
phosphatase activity in the basophile cells signifies an increased formation of some 
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protein material, probably melanophore hormone. Interestingly, pars intermedia 
is regardrxl as the only houtco of this hormone in the species under study (Turner, 
1948) and the basophiJes are the cellular elements concerned with its elaboration 
(Karknn f^t a/,, 19t>I). 


Summary 

IrxtrarnuM4!al>vr inj<x;tion« of ACTH into kittens cause a pronounced increase in alkaline 
phoHphataso a<*tivity in the cytoplasm and tlio nucleus of the basophile cells of the pars inter- 
media. In <;onfrast to this, tho chromophol>os and the macrophages show only a slight 
augrnontation of enzyme activity only in tho nucleus after the hormone treatment. The 
increnHo in phf^rtpliatase activity in tho basophile cells, however, is extremely significant and 
probably HignitioH an onhanccxl synthesis of melanophore hormone. 
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Explanation of Eioubes, Plate XX 

(All figuroN are photoinicrogiaphs and are magnified x 350) 

Kio. 1. SmUion through the hypophysis of a ('ontrol eat showing tho distribution of alkaline 
phosphatase in the pars int<M‘mo<liu. Only tho basophile cells are shown in tho field. 
p.i., pars intennoilia; p.n., para nervosa, 

Eio. 2. Section through tho hypophysis of an ACTII treiito<l cat. Note tho Crooke’s change 
in the l>a»ophile cells and tho increase in phosphatase activity (indicated by arrow). 
Lettering as in Eig. 1. 
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POLUNATION MECHANISM IN PASSIFLORA FOETIDA LINN. 


by M. V. S. Raju, Department of Botany, Central College, Bangalore 
(Communicated by P. Maheshwari, F.N.I.) 

{Received April 21 ; read A'tigust 6, 1954) 

A detailed account of the various types of pollination mechanism has been 
given by Kerner (1891) in his monumental work entitled ‘Natural History of Plants’. 
Information concerning the mode of pollination in membcTs of the Passifloraoeae 
is also available from the work of Knuth (1908). The information presented by 
these authors does not, however, appear to be quite precise in every case. In the 
course of an embryological study of some members of the Passifloraceac I was able 
to observe certain interesting details concerning the pollination mechanism of 
Passifiora foetida grown in the Central College Botanical Gardens. 

The solitary hermaphrodite flower has three highly dissected bracteoles at the 
base. The five calyx lobes enclose five white membranous petals. In the centre 
of the flower is an androgynophore around the base of which is a shallow cup with 
nectar bounded by one to many rows of filiform white or slightly violet coloured 
segments forming the corona. The androgynophore bears at its top the tricarpollary 
ovary with its three styles and stigmas. The stigmatic surface has a number of 
multicellular papillate outgrowths. At the base of the ovary five stamens emerge 
from the anclrogynophore. The anthers are oblong and introrse. The filament 
is stiff and flat and to this is attached the anther by a hinge-like arrangement. The 
filament shows two pegs which act as a pivot so as to allow the anther t<3 rotate 
slightly with a jerky movement in any direction on the filament. 


Obsbbvations 

Figure 1 shows the arrangement of the floral parts as seen in a median longi- 
tudinal section of the flower bud prior to anthesis. The anthers are in close contact 
with the stigmatic lobes and the other floral members are erect in position (Fig. 1). 
The bracteoles are highly dissected, the branches forming ramifications and termi- 
nating in glands which secrete a highly sticky substance inTater stages. Anthesis 
takes place during nights and lasts from a few minutes to a few hours. The first 
indication of anthesis is the horizontal spreading of the bracteoles and the sub- 
sequent opening of the calyx and corolla (Figs. 2-4). By about this time the 
anthers dehisce and their dehisced faces are pressed against the stigmatic lobes by 
a downward movement of the latter (Figs. 2-4). At first the anther lobes are in 
a line with the filament (Figs. 2 and 13). One of the stigmatic lobes comes in 
contact with the dehisced surface of the anther at its middle (Figs. 2, 3 and 13). 
Subsequently, the stigmatic lobe becomes closely pressed against the dehisced 
surface of the anther and a kind of mechanical tension is brought about by mutual 
pressure. The stigmatic lobe is now brushed against the pollen carrying surface of 
the anther, but finally slips out due to the slow jerking movement of the latter 
(Figs. 16-17). As a result, the tension originally created between the anther and 
the stigma is released and the anther begins to tilt suddenly on the filament 
(Figs. 16-18). Thus the dehisced surface of the anther now becomes directed 
downwards (Figs. 4, 6, 17 and 18). 
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P'lOS. 1-1 


. 1—9. Pig. 1. l/.b. young flower bud just l^efore anthesis showing the arrangement of 

flower parts. P'ig. 2. L.S. view of a flower just after anthesis with dehisced surfaces 
of anthers in contact with the stigraatic lobes. A few calyx and corolla lobes removed. 
Fig. 3. Still later stage after anthesis showing the horizontal spremling of bracteoles, 
cidyx, corolla and corona; and bending of the styles over their respective anther lobes. 
Fig. 4 . Pollinated flower showing the incurving of the margins of sepcds and petals. Fig. 6. 
A view of the flower with inrolling petals and sepals gradually enveloping downwardly 
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bent stamenfi. Fig. 6. Side view of flower with erect brocteoles and the margins of 
petals and sepals lying at the base of the ovary also enveloping the stamens completely. 
Fig. 7. Flower showing downw-ard shrinking of sepals with the enclosed petals, corona 
and stamens. Fig. 8. Fruit with fading stylos and drying floral parts at the ba^ of the 
androgynophore. Fig. 9. Same at lat-er stage showing the fruit onvelojjed by the sticky 
bracteoles. (/!</, androgynophore; An^ anther; i?r, bractoolos; C’a, calyx; Co, corolla; 
Cor, corona; Ds, fading style; Fi, filament; Fr, fruit; Ne, nectary; Ov, ovary; Rf, remncmts 
of floral parts; St, stigma; Sty, style.) All figures diagrammatic. 



Fios. 10-18. Fig. 10. Longitudinal free-hand section of the stigmatic lobe showing multi- 
cellular outgrowths bearing pollen ^ains; note the penetration of pollen tube through 
the outgrowth and into the transmitting tissue, x 50. Fig. 11. A portion of the stig- 
matic crest showing the germination of a pollen grain and the entry of the pollen tube in 
the multi-cellular outgrowth, x485. Fig. 12. T.S. of the multi-cellul^ outgrowth 
and the pollen tube, x485. Fig. 13. Stigma in contact with the dehisced surface 
of the anther. Fig. 14. Back-view of the same showing the hinge attachment. 
Figs. 15-18. Stages showing the movement of anther with respect to the stigmatic 
lobs. (An, anther; Fi, filament; Hi, hinge; Mp, multi-cellular papillate outgrowth; 
Pg, pollen grain; Pt, pollen tube; Sc, stigmatic crest; St, stigma; SPr, stylar tracheids; 
Sty, style; Tts, transmitting tissue.) (Figs. 13-18. All diagrammatic.) 


6 
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The movement of the anther takes place in both the vertical and horizontal 
planes (Pikh. 13 and 15-18). In the final stage when the dehisced surface becomes 
downwanlly directed, the anther comes to lie at right angles to its filament (Figs. 17 
and IM). The movement itself seems to be due largely to the peculiar hinge-like 
mechanism which aids in drawing down the anther and also in helping it to become 
laterally tilted (Pigs. 14, 17 and 18). The anthers of a flower which are not in 
contact with any of the stigmatic surfaces also perform these movements. The 
dehisced anthers may also touch the stigmatic lobes and deposit their pollen sub- 
He.tjnenily, 

Early in the ^biy, after p^)^irlat^on is over and as the temperature begins to rise, 
the bracteol(!S, sepils and fK^tals grfulually move towards the centre of the flower 
(Pigs. 4 and 5). Concurr(‘ntly, the* stamens also Ix^gin to droop down (Figs. 5 and 7). 
I'hc inrolling sejials, pi^tals and cc^ronary filaments thus begin to enclose the stamens 
ami touch tht! base- of the devehiping fruit (Fig. fi). Later, the petals and sepals 
Ix'gin to dry up and move towards the base of the androgynophore (Fig. 7). The 
developing fruit is now well protected against ants and other insects by the latticed 
bracteoles which seen'te a sticky fluid. Frecjutmtly ants were found to be caught 
in the im^shes of tin* bractc'oles. At the base of the androgynophore, inside the 
bracteoles, the shrivelled He|xils, [H^bils and eoronary filaments as well as the dried 
up antlu'rs (?an be set n (Figs. 8 atul fl). l'h(‘ bracteoles themselves dry up finally 
and witlu r away only wluuj the fruits are fairly old. 

The stigmatic lobe is slightly reiiiform in shap(^ and p)sse8ses multi -cellular 
papillate outgnnvths on its surfaet* (Fig. H)). Th(‘ pollen grains with their reticulate 
(‘xine are easily eauglit by th(*.se outgrowths on account of their rubbing against 
their aritlu'r surfa(X‘H. Beiu'uth tin* papillate* outgrowths is the expanded stigmatic 
crest through which the f)oll(Ui grains st‘nd their pollen tubes which grow ultimately 
through the* transmitting tissue of the style* auel reach the e)vary (Figs. 10-12). 

DiscossroN AND Conclusions 

4'he above observations confirm the)se e)f \Varnste>rf, esjx*cially re*garding the 
me)vement of the anthers and the style's {see Knuth, 1908). Warnstorf has pe)inted 
out that anthc'sis lasts for a whole* elay. From my ohs(*rvations, however, made 
on a large numb<*r of llovv(*rs, I find that anthesis occurs only for a brief time during 
tlio tnirly houi*s of tlu^ morning wIh'II the atmosphere is relatively cool. 

Tlu* large* size^ of the fl(»vve*r, the* occurrence of the e*ompIieated brightl^^ coloured 
eoronary filaments, the^ hidden nectary and the elevated positie>n of the essential 
organs all suggest that cross- {>oUination e)eeurs and that it is aided by some special 
insect visitors. Knuth (I9f)8) says: ‘In the first stage of anthesis a large insect 
(such as a humble-bee) when sucking nectar, receives pollen on its back from the 
downwardly dehiscing anthers. In the second stage the styles have curved down- 
wards to such an extent that the now reiH'ptive stigmas are lower than the empty 
anthers. It follows that the older flowers are fertilized by pollen from younger 
oru*s,’ According to my observations, how'ever, the second stage described by 
Knuth occurs only subsequent to ix)llination, when the styles move up and the 
stamens move down so that once again a contact may be established between 
dehisced surfaces of anthers and the stigmatic crests. Warnstorf explains the 
upwani deflection of purple-flecked styles from the anthers as suggesting that 
autogamy would be excluded under such circumstances, but that the stigmas and 
anthers may be brought intu contact when the flower closes at the end of single 
day's anthesis {see Knuth, 1908), The above observations of Warnstorf make one 
feel doubtful about the statement that ‘the older flowers are fertilized by pollen of 
younger ones'. 

In PasFifiora foetida the flower undoubtedly closes gradually after pollination. 
This makes tlie dehisced anthers which have moved down after pollination to 
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become enclosed by the corona, corolla and the calyx and no contact can, therefore, 
be brought about between the stigma and such anthers at this stage. Thus 
Wamstorf *s suggestion probably owes itself to his having found the stylos spread out 
and the anthers with their dehisced surfaces directed downwards. The mechanism 
involved in the downward and later upward movement of the styles or the movement 
of the anthers themselves on their filaments with reference to the apposed stigmatic 
surfaces seem to have been overlooked by liim. Basing his observations on plants 
grown in a green house, his interpretation of the chasmogamic flower being adapted 
to authogamy appears to be exaggerated. Perhaps, some of the post-pollination 
features like the downward movement of the styles and stamens and displacement 
of anthers were presumed by Warnstorf to be stages preceding actual pollination. 

Delpino’s (see Knuth, 1908) suggestions of humming birds as p<filinating agents 
and a subsequent corroboration of the same by MUller in some of the Brazilian 
Passifloras probably deserve further study and confirmation. In Passifiom foeiida, 
occasionally, insects were found to be moving about on the floral parts during post- 
pollination stages. The insects were very small, however, and it is improbable 
that they can be considered as pollinating agents. Very rarely, especially in the 
mornings when there is bright sunshine, a small honey bee would seem to alight on 
the corona in a flower completely spread out. By this time, however, pollination 
is completed and pollen tubes were actually observed to have reached the trans- 
mitting tissue. Doubtless, the honey bee collects some pollen grains on its back 
and legs, but this takes place only subsequent to pollination. The suggestion made 
by earlier workers that the honey bee alone brought about cross-pollination, is 
therefore erroneous. 

' It is true that cross-pollination appears to be the primary object aimed at, 
but it is not true that autogamy is avoided. If cross -pollination takes place there 
is naturally no necessity for subsequent autogamy, but if cross-pollination fails 
autogamy assumes an importance of its own, and the contrivances which have been 
observed to bring about autogamy are no less numerous than those which favour 
cross-pollination. That flowers should be adapted at different times to two such 
diverse purposes as cross- and self-pollination is one of marvels of floral construc- 
tion’ (Kerner, 1891). One of these marvels of floral construction adapted to 
autogamy is seen in Passiflora foetida. The structure and behaviour of dififerent 
entities and their unified action have made autogamy a successful mode of pollination 
in this plant. A good example of an intermediate case between cleistogamy and 
chasmogamy seems to be demonstrated in Passiflora foetida. 

The pollen grains have such characteristic thickenings that they are easily 
caught by the stigmatic crest. The pollen tubes emerging out from the furrows of 
the pollen grains penetrate directly into the multicellular outgrowths and not in 
between them. The highly dissected bracteoles form a lattice work enveloping and 
protecting the fruits in later stages. The glandular tips of their ramifications 
secrete a juicy fluid which, probably, attracts the neighbouring ants or small insects. 
The remnants of those ants are later seen on the bracteoles. 


Summary 

PoUmation meohaiUBm in the flowers of Passiflora foetida grown in Central College Botanical 
Gardens has been studied. Anthesis of flowers occurs during nights cmd lasts for a brief time. 
The unifled action of the different entities of the flower helps in self-pollination. The stigmatic 
crests with their multicellular papillate outgrowths easily catch the pollen grains which have 
reticulate exine thickenings. The pollen tube emerging out from one of the furrows of the 
pollen grain penetrates directly into the multicellular outgrowth. During post-pollination 
stages the latticed bracteoles protect the developing fruits. Autogamy is successfully ensured 
in the flowers of Passiflara foetida and it can be taken as a good example of an interme^te case 
between cleistogamy and chasmogamy. 
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THE ROLE OF CULTURE MEDIUM AND ITS CONSTITUENTS ON THE 
GROWTH AND VIABILITY OF ENTAMOEBA HISTOLYTICA 
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* (Communicated by J. C. Ray, M.D., F.N.I.) 

{Received April I, 1953 ; after revision April 7 ; read August 6, 1954) 

Introduction 

Attempts have been made in the past by several workers to prepare a medium 
which would encourage the growth of Entamoeba histolytica free from bacteria, so 
that a pure line strain of this protozoon may conveniently be used for several pur- 
poses, particularly for screening antiamoebic drugs, and for preparing specific 
antigens for the diagnosis of amoebiasis. The progress of our work in this direction 
and the results obtained have already been reported (Mukherjea, 1951 : 9, 36 and 47). 

The present work which is a continuation of the past investigation already 
referred to, has been undertaken to determine the role of the culture medium and 
its constituents on the growth and viability of tliis protozoal parasite. This has 
been described under the following headings: (1) Isolation of E, histolytica, (2) Iso- 
lation of bacteria; (3) Growth of E. hustolytica under conditions of changed com- 
position of the medium; (4) The slant in relation to the growth of E, histolytica*, 

(5) The activation of bacteria and its effect on the constituents of the meclium ; 

(6) The constituents of a medium and reduction of the substrates. 

Materials and Methods 
1 . Isolation of E. Histolytica 

All the following experiments were carried out with strains of E. histolytica 
isolated from stools of persons suflFering from amoebiasis. For isolation of the 
amoeba normal saline emulsion of fresh stool, after separation of the coarse faecal 
particles by standing, was used for inoculating the culture medium. It was in- 
cubated at 37°C. and examined microscopically after 48 hours and thereafter. 

E, histolytica strains no, 4, 5 and 6: In case of 4 and 6 Dobell and Laidlaw’s 
medium (hereafter referred to as D.L. medium) was used. After 48 hours’ incuba- 
tion the growth in the primary cultures was scanty and did not live longer than 
48 hours. There was no growth on subculture. In isolating the amoeba from 
strain no. 6, two separate cultures were made, one in pure D.L. medium and the 
other in the same medium to which acriflavine in 1 : 40.000 had been added. 
Growth occurred in both the culture tubes. It persisted for 48 hours in the tube 
without acriflavine whereas for 72 hours in the tube with acriflavine. Subcultures 
from these tubes produced no growth. 

E, histolytica strain no. 8: Cultures were made in several E^ media whose com* 
position is given later. A fair growth was noticed. The ameobae, however, 
disappeared after 72 hours. This strain perished after the second subculture. 

E, histolytica strain no, 7* : This strain was isolated from the stool of a patient 
suffering from amoebiasis together with ariboflavinosis. As usual the primary 

♦ With a view to determining the pathogenicity of the amoebae, intrarectal inoculation in 
two kittens, led to the appearance of motile trophozoites in the stool. The kittens died within 
72 to 96 hours. No signs of ulceration were, however, detected in the Icurge intestine. 
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(culture was made in D.L. medium. After 48 hours, growth occurred in the 
primary cultims it jK^rsistcd up to 72 hours. Serial subcultures in D.L, medium at 
48 hours* intervals were jKisitive although the growth was always feeble. 


2. Imldiion nf Bacteria 

Bacteria acemnpanying E, histolytica strain no. 7: These were isolated by cultur- 
ing' a loopful of fluid from an amoebic culture tube on a McConkey's plate. After 
48 hours’ incubation at IM'X). two types of lacto.se -fermenting colonies were seen, 
viz, (i) d(‘C]) pink and (ii) of a lighter cr)lour. Two colonies frcftti (i) were grown 
HcjKiratcly on nutricuit agar, and labelled as A and B. Two light pink colonies 
from (ii) were similarly grown on nutrient agar, and labelled as C and D. The 
morphology, growth and biochemical reactions of these four cultures were studied 
and the resulLs arc given below: 


(1) On nutrient a(jnr : 

(a) .1 and B: Small, circular and convex colonies; Gram -negative 
bacilli with v\a‘ll developed capsules; no spores. 

(fi) L aiul 1) . Lanic, <-if(*ular, convex and mucoid colonies; Gram- 
negative bacilli with well developed capsules; non- 
spor ing. 

( 2 ) In nutrient brot If : 

(a) A and B: ^^•liform tiirf)idity with deposits at the bottom. No 

pellicle on t he surface. Non-motile. 

(b) ('(indl): Uniform turbidity wdth deposits at the bottom. 

Surrae(‘-f>i‘l]icle observed. Non-motilc. 

(:i) /n litmus milk medium : 

(u) /I and B: Acid !)ut n<) ( lotting, 

{/)) Cttndl): No iK i(l and no clotting, hut after 48 hours, acid and 
clot ting \v(Te obstTved. 


(4) In Kosrr's and uric arid media: 

(u) v( and B : No growth in eith(‘r medium. 
{!>) ( and l)\ tirowtli in both the media. 


(o) Sugar fermentation : 

A. B alst) ( and I) were inoculated separately into four sets of sugar 
ai )es i‘aeli containing eleven different sugars. Fermentation re- 

In Tahl’(> r i'lcubation at 37°C., are tabulated 


(0) Voges-PrcKHkrtiif r reaction (I’./M: 

A and 8, also C worv V.P. negative, but D wm V.P. positive. 
(7) Methyl-red reaction (M.8.): 

A and B gave positive, b\it C and D negative reactions. 


The important features which 
are tabulated in Table II. 


emerged from the several tests, stated above. 
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Table I 


Sugar fennenkUion reactions with bacteria from cuUurea in A, B and O and D tubes 


Culture 

in 

tube. 

Glucose. 

Lactose. 

Mannite. 

< 

{ 

\ 

( 

4 

j 

0 

1 

Arabinose. 

Xylose. 

§ 

§ 

( ] 

Inositol. 

1 

Dulcite. 

Maltose. 


Itemarks. 

A 

A.G. 

A.G. 

A.G. 

Nil 

A.O. 

A.G. 

A.G. 

Nil 

Nil 

Nil 

A.G. 

j 

'' Uniform ro- 

1 actions in both 

B 

A.G. 

A.G. 

A.G. 

Nil 

A.G. 

A.G. 

A.G. 

Nil 

Nil 

Nil 

A.G. 

j 

f the tuboH A 

C 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

1 

^ and B, 

^ Uniform ro- 

\ actions in both 

D 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

A.G. 

4 

the tubes C 















1 

L and D. 


A.G. Acid and gas. 


Table II 

Showing the characteristic reactions of the bacteria in cultures Ay B and C and D 



From the morphology, growth in Koser’s and uric acid media, sugar and other 
biochemical reactions Table above), it is clear that A and B were one and the 
same organism, whereas C and D included two different types. A and B were, 
therefore, combined and labelled as bacterial strain no. 2, (7 as bacterial strain 
no. 1 and D as strain no. 3. Strains no. 1 and 3, as Table II shows, belonged to the 
saproph 3 iiic type of J5. coli, whereas no. 2 was of intestinal origin. As very little 
difference was noticed in bacteria in strains no. 1 and 3 and since both appeared as 
saprophytic they will henceforth be referred to as strain no. (1+3). 

Bdcteria growing urith E, histolytica strains no, 4, 5, 6 and 8 (see page 437). 
All these were noticed to be pathogenic strains of intestinal B. coli. 
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3. Growth of E. histolyt iea un/hr conditions of changed composition of the medium 

(4)* Ab hm b<^on mentioned previously the growth of E. histolytica (strain 
n<j. 7) wiM ulwavH fet'hle in D.L. medium and continuous subcultures in the same 
medium further deteriorated the growth and viability. Attempts were, therefore, 
nuid<^ to im|)rove the growth by changing the composition of the medium. With 
this object in view and also for the purp^)Be of studying which constituents {e.g. 
serum, jx^ptone, me^it extract, etc.) when added to the ‘basal medium’ (see com- 
bination A in Table III) were responsible for stimulating the growth, the following 
investigations were carried out. 

In ttu^ l)eginning, a Himj)l(? type of slant and the fluid overlay were prepared 
as follows. The solid slant was ma<le of 2^% agar in 0-5% saline solution. Tlie 
overlay fluid was mad(‘ by dissrflving egg albumin in sterile salt solution having the 
com]K)sition ; sodium ehloride- D-Ho gm.; potassium chloride — 0*02 gm.; calcium 
chloride — (>02 grn.; distilled water — H)0 e.c. The white portion of two hen’s eggs 
wiis mixed with 250 r,e. of Ifiis salt solution which had been previously autoclaved. 
Starting with such a plain agar slant, its composition was progressively altered by 
adding otluT substamcs such as peptone*, meat extract, etc. as is shown below, 
lakf'wisc, tlie composition of tlie fluiel portion was changed. 


Sla nt : 

(a) Plain egar slant . 

(h) IMain agar+1% {)e|)ione + meat extract (50 gm. ox-heart extracted in 
lOtt e.c. wat(‘r) = nutrient a, gar slant. 

((') Nutrient agar + horse st rum (10%) = serum agar slant. 

{(1) Scrum agar + hacfiioglobin (5% rabbit’s blood) = blood agar slant. 

(tO Blood agar: IuniOmI U) BO^'C. for 10 minutes = altered blood agar slant. 

(/) Horse s(‘rum : this was inspissated into a slant = Dobell and Laidlaw’s 
slant. 


Fluid over la If: 


(u) Egg albumin in salt solution. 

(fi) Egg albumin in .salt solution -f horse serum (9 : 1). 

(r) Egg albumin in sa.lt solution+serum+acriflavine (1 : 40,000). 

(d) Egg albumin in salt solution-!- 1 % peptone water (3 : 1). 

(e) Egg albumin in salt solution -f- meat extract (3:1). 

(/) Kgg albumin in salt solut ion -f- nutrient broth (3 : 1). 

(f/) S(Tum in normal saliru* solution (I : 9). 

(li) St'runi in normal .saline sol ut ion + haemoglobin solutionf (2 : 5). 


le |K'pt(>i\(' used in tlu'se experiments was prepared by digesting meat with 
pamnas. n making nutritmt agar or broth this impare peptone was employed. 

{)ar lom jK'ptones, tin* ])ancreatie meat digest also contained polypeptides, 
ammo acids, reducing substam cs, etc. as impurities. r r 

mnlei'stand in what ways the different components of the slant and also of 
^ g*'<’"dh uiul viability of the amoebae, the slants and the 

fltArch\va« ^^‘^^‘ivntly (*ombined. Before inoculating the trophozoites, 

starch was added m every tube. The results have been shown in Table IIL 


♦ For {B), seo page 443. 

of stlri^e solution 10 o.c. of rabbit’s blood was at first laked in 90 c.c. 

With .-2% »di*, 
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Tabue ni 

Showing the growth and viability of the amoebae in various combinations of Hants 

and fluid overlays 


Group. 

1 

Combinations of slants -{-fluids. 

Growth 

after 

48 hours. 

Viability. 

A 

* 1 . Slant (a) -l- Fluid («) 

4' 

48 hours. 


2. Slant (aH Fluid (d) . . 

4- 4- 4- 

72 hours. 


3. Slant (a)-| Fluid (e) 

4- 4- 

72 hours. 


4. Slant (a) -f Fluid (/) 

4- 4 4 

72 hours. 


5. Slant (t)-l' Fluid {a) 

4 4- + 

72 hours. 

B 

1. Slant (a) -f Fluid (6) 

4 • 4- H 

98 hours. 


2. Slant {/) -I Fluid (u) 

4- 

72 horn's. 

C 

1. Slant (c) 1 Fluid ia) 

4 4 4 

98 hours. 


2. Slant (d)-f Fluid (r/) 

-f- 4- 4- 

98 hoiirs. 


3. Slant (fi)-f Fluid {a) 

4“ -f- -I' 

98 hours. 

D 

1. Slant (c)-| Fluid (6) 

4- 4- 4- 

98 hours. 


2. Slant (r/)-f Fluid (6) 

4- 4 4- 4- 

98 hours. 


3. Slant (e) ! Fluid (6) 

-1- 4- 4 4- 

98 hours. 

K 

1. Slant (r) 4- Fluid (c) 

4- 4- f 4- 

120 hours. 


2. Slant (d) f Fluid (r) 

4- 4- 4- 4- 4- 

144 hours. 


3. Slant (c) 4 Fluid (c) 

4 . _|, 4 . 4 

144 hours. 

1 

4. SInnt (/) 4 Fluid (r) 

4- 4- 4- 

1 44 hours. 

F \ 

1 . Nil 4 Fluid (f/) 

4- 

48 hours. 


2 . Nil 1 Fluid (I/) 1 Hb. 

-1-1-4 

1 20 hours. 

1 

.3. Slant 4 Fluid (.^)4 Hb. 

4 4 .t_..|. 

90 hours. 

G j 

1. Slant (a) 4 - Fluid (rr) 4 aoriflavino .. j 

4- 

48 hours. 


From the above table the following concluBions are made : — 

1 . The basal medium was very feeble as regards its power to support the 
growth of the amoebae. 

2 . Peptone and meat extract used either separately ^3), or in combina- 
tion (^4) activated the growth of the amoebae in the basal medium. No difference 
could be discovered when they were added to the fluid ^8? -^4) incorporated 
in the slant (A^). 

3 . The addition of serum to either the fluid overlay (Bj) or the slant (Cj) had 
a marked effect on the growth and viability of the amoebae which, however, did not 
improve on the addition of serum to both the fluid and the slant (D{), 

4 . Acriflavine f when mixed wuth the basal medium did not lead to any im- 
provement of the growth' of the amoebae ((?i), but when added to an enriched 
medium containing senim, peptone or meat extract, it caused a very marked 
stimulation of the growth and an increase in the viability of the organisms (JSJi, JBg, 

and E4), 

5 . Though serum solution itself (Fj) failed to stimulate the growth of the 
amoebae, addition of haemoglobin (F2) always encouraged the growth which further 
improved when serum solution containing haemoglobin was put as overlay (Fq), 
There was no appreciable increase in the growth of the amoebae when haemoglobin 
was included in the slant of an enriched medium. 

6. The growth and viability of the trophozoites were diminished when the 
serum was inspissated (B2). 

7 . Heating the haemoglobin made no difference in the growth of the amoebae. 


♦ The combination in .4 1 constitutes the * basal medium*, 

f Details of the action of dyes and other bc^teriostatic substances will bo reported in n 
later connnunication. 
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Fn^m the a}K>ve it will bo seen that the combinations as stated in Ei, E 2 and 
were nvwt conducive to the growth and viability of the amoebae. Due to this 
the combinations in E 2 and £3 chosen as the ‘preserving media’. 

It may be noted that when serum was added to the basal medium, there was 
an appreciable improvement of the growth and viability of the amoebae. Such 
improv(‘mcrit.s w(^fc also noticed when stock peptone, meat extract and nutrient 
broth went uhcmI. These observations, therefore, led us to undertake studies to 
(explain in what different ways serum, stock pc^ptone, meat extract and nutrient 
broth influenced the growth of E. histolytica (strain no. 7). 

Im])rov( 5 <l growth of the amoebae on addition of serum to the basal medium 
may hv nigarded to hav e Ikhui effecte d by some of its constituents such as, albumin, 
globulins, uHNi, uric acid, creatim^ creatinine, other undetermined nitrogen, amino 
acids, fatty acids, cli<)l<*sterol, inorganic salts, glucose, vitamins, etc. or by some 
unknown factors. Tn order to determine the role of these substances on the growth 
of the amoebae, the; diffcTeuit constituents of the serum have been placed in three 
groups : 

(u) Ure a, uric acid, cic. arul amino acids — as ‘alternate sources of nitrogen’. 

(/>) SteTols, p.g, ch(ile^st(Te>l — as food for the amoebae. 

(r) V^tarTuns, (‘spe cially B-e^oniplex group — as accessory growth substances. 

It has hce'U (d)servcd tliat the Iwhavioiir of the amoebae in solution of albumin 
an<l globulins of st^rnrn is the same as when they are grown in that of pure egg al- 
bumin. Th(‘ gnMvth of amoebae; in preseuice of senira may thus be directly due to the 
introduction of either of the* following substances: (1) alternate sources of nitre^gen, 
(2) steTols and (H) aeux'ssorv growth substane^es. Tests in proving these points 
were tlu're'fort; unde'rtaken. 

Stock preparations of the* aheeve substances were made as follows: 

(1) Alternate sources of nitrogen’. Urea and uric acid were used in the same 
proportions «ws tlu'y are* pre'si'iit in flee serum. Ammonium chloride was used in 
trace' a.s substitute for ereatiiu', matinine^ and other undetermineHl nitrogen of 
se'nim. 'flu; composition thus stands as: urea — ^0*2() gm.; uric acid — 0‘12 gm.; 
ammonium chlorielc -0-24 gm. ; salt solution (stock) — 1,000 c.c. After sterilisation 
the white' portion of two he'n’s eggs was mixed with 250 c.c. of the solution. The 
eoinfK)sition of this tluid is now idontie'al with that of the fluid portion of the basal 
medium alter t!\e‘ addition of urea; etc. in the same proportions as they exist in 
the serum. 

(2) (Cholesterol: Ste^riU' eiholeste'rol powder + sterile starch (1 : 5). One loop 
of this mixture was u.sed for ea(*h emlture tube. 

(fl) Amino acid solution: 50 mgm. each of glycine, alanine, cystine, leucine, 
tryptophane' and aspart ic acid were mixe'd in 10 c.c. of normal saline and sterilised. 
0-2 c.c. of tills solution was used for ea.ch culture tube. 

(4) Vitamin B-complcx solution : This was prepared by dissolving the contents 
ot one 'Betalin com{X)un(r ('apsiile (Lilly) in 50 c.c. normal saline. After sterilisa- 
tion, 8 to 10 drops wen used for each culture tube. 

The effect ot the different const ituents of the serum on the growth of E. 
histolytica (strain no. 7) is showm in Table IV. 

An aiuvlysis ot the' effects of dith rent constituents of the serum indicates that 
vitamin B-coniplex with the addition of chole.st^rol and amino acids influenced the 
nutrition of the amoeba. Howeva^r, a closer study led us to believe that amongst 
the substances tested vitinnin B- complex wjis essentially the most important factor 
vyhich brought about an increase in growth of the amoeba together with augmenta- 
tion of its viability. 

While vi^mm B-complex when added to the basal medium no doubt stimulat- 
ed the growth of the amoebae, though feebly, it exercised profound influence on 
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Table IV 

Showtng the effects of the different constituents of serum on the grovoth of B. histolytica 


Substances added to the basal medium. 

Growth 

after 

48 hours. 

Viability. 

Alternate sources of nitrogen 

4' 

48 hoims. 

Alternate sources of nitrogen -f cholesterol 

4- 

48 hours* 

Altemato sources of nitrogen -f cholesterol -f- amino acids 

Alternate sources of nitrogen -f cholesterol -famine acids -f vitamin H- 

■f 

48 hours. 

complex 

4' 

72 hours. 

Cholesterol 

4“ 

48 hours. 

Vitamin B -complex . . 

4" to 4 — h 

72 hours. 

Amino acids 

+ 

48 hours. 

CholesteroH amino acids f vitamin B -complex 

4- to f 4- 

72 hours. 


their growth when mixed with an enriched medium containing senim, peptone and 
meat extract {e.g. medium). This is manifest in the results given in Table V. 


Table V 

Shoiving the effects of vitamin B -complex on the growth of amoebae wfien mixed with 

enriched medium 


Medium. 

Growth after 

Remarks. 

48 hrs. 

72 hrs. 

96 hrs. 




4-4- 

+ 


“I The growth and also the via- 

E, 

4- 

+ 

_ 

> bility are distinctly feeble in 


4-4- 

+ 

— 

j all the tubes. 

^3 4- vitamin B -complex . . 
^3 4- vitamin B -complex . . 
J ^3 4- vitamin B -complex .. 

4- 4- 4' 4- 4- 
4- 4- -f -f 
+ 4-4-4-4- 

+ + + 

+ 

+ + 

+ 

+ /2 

rThe growth is profuse and the 
( viability prolonged. 


4- /2 indicates five or less than five trophozoites per field as observed under low power. 


(B) The physical and chemical changes which directly lead to increased multi- 
plication of E. histolytica, and whether they are due to putrefactive reaction or to 
reaction of fermentation, have been discussed in a previous paper (Mukherjea, 
1951 : 9). Indeed, such changes are duo to the presence of different types of bacteria 
which are found in association with the amoebae. 

While the bacteria are responsible for the type of reaction that is taking place 
in the culture medium, the constituents of the medium themselves, on the other 
hand, can modify the intensity of the reaction. The latter has now been observed 
by culturing E. histolytica (strain no. 7) in -Dj, and Dg and also in Ei, E^, 
and E^ me^a. After 48 hours* incubation, observations were made for signs of 
reactions such as smell and changes of jpK. The details of these observations are 
given in Table VI. 
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Tabls VI 

Shfneinq the relation between composition of the medium, reactions taking place as a resuU of 
bacterial grwMh and groiMh of the amoebae 


/Ui 

f>i ( 

rhi 

JJ,( 
h\ ( 

til, ( 


Mofliinn. 


t:>iU4a) rnodiurn) 

/^2 f p<>l)tono { moat oxtnw^l | Horitm) 
/>! j blood) 

/>, I luwit<'d blood) 

/tg I |)optono \ rnoul oxtnu^t f H<3nim 
El i blood in tho Hlant) 

El f hf'Hlod blood ifi tho Hlarit) 

T),b. inoditirn l Honiin nod a-criflavino) 


1 Smell 
j (foetid). 

i 

pH. 

Growth 

after 

48 hours. 

f 

.. ! Nil 

4*8 to 5 0 

-f 

-h 

5-4 to 5-6 

+ 4- 

- • 1 h 

5-8 to 6 0 

-b-f 

. . j -f 

5-6 to 5-8 

4-4- 

eriflavino) j f 4- 4- 

6-6 to 6-8 

4-4-4-4-4- 

. . _|.- 

6-4 to 6-8 

4- 4- 4-4-4- 

. . 1 4- 4- 4- 

6-4 to 0-8 

4-44-4- 

.. ! 4-4- : 

: i 

5-6 to 6-4 

1 

-4 4” 


tnhie hIiows that: 

(1) HijLMi of putrefaction such as foetifl smell, was absent in B2* The 
was bcl(»w fid) and th(' growth of the amoebae was feeble ( + )• 

(2) Ihitr(‘fa<'tion was a])parent in Z>i, D2 and The remained above 

5-1 and growth of the aniooba.e was from fair to moderate (+ + )• 

( 3 ) The putrefying reactions were intense in Ei, E2 and E^- The /;H remained 
close to tVH. Tho growt h of the amoebae was profuse ( + + + + + )• 

'rh(3 following I'onchisions are thus made from the above observations: — 

(i) Substanc(‘s such as ])eptone, meat extract and serum are responsible 

for stimulating the putrefaction (Dj, />£ and 7)3). 

(ii) AcritlaviiK' furtluT increases putrefaction (A\, and E^)- 

(iii) With incrcas(‘ in the intensity of putrefaction the growth and viability 

of th(' arnoebiK^ also increase. 

(iv) Inspissation of serum leads to the depression of the growth -promoting 

projKTti(‘s of the serum slant. 


4 . The slant in relation to the (jrowih of E. histolytica 

It has already b<M*!\ reported in this paper that a slant containing agar and salt 
(t.c. the ‘inert ’ slant) docs not provid(* any nourishment to the amoebae. On the 
other hand, slants in /I5, and (^3 media (vide Table III) contain substances 

whith dirc(‘tly go to nourish them. In order to study in what other ways a slant 
may directly (‘iicourage tiic growth of the amoebae, an ‘inert’ slant was overlaid by 
solution of egg albumin and horse serum. In actual experiments, the height of the 
fluid in all tlie tubes, wlu'thi'r with the slant or without it, was the same. The 
result^s atv note<l in I'abU^ VI [. 

As has previously been mentioned, a slant of agar and salt in presence of an 
‘inert’ fluid consisting ot egg albumin in normal saline acts in an inert manner as it 
does not stimulate the amoebae to grow. On the other hand, when the slant is 
overlaid by the same fluid enrichc<l bv the addition of horse serum there is 
an abundant growth (mtk. tubes no. 1, 2 and 3 in Table VII). In absence of the 
inert slant (agar-h^^^lt). the fluid itself is unable to encourage the multiplication 
of the amoebae {vide tubt\s no. 4 and 5 in Table VII). This indicates that in some 
unaccountable ways the ‘inert’ slant under certain conditions can activate the 
growth of the amoebae. 
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Tabos VII 


Showing the ^ects of 'inert' slant on the growth of B. histolytica 


Tube 

No. 

Medium. 


Growth after 


Itomarlcs. 

i 

48 hrs. j 

1 

72 hrs. 

06 hrs. 

120 hrs. 

1. 

Egg albumin and serum 

1 






solution -f inert slant . . 

4--I i- 

4- 




•> 

Egg albumin and serum 





/ The growth and 


solution -f inert slant . . 

-f-f 

_l_ _l- 

4' 


V the viability 

3. 

Egg albumin emd serum 





\ are increased. 


solution +uiert slant .. 

-f-l- -+-•+ 

4- 4- 4- 4- 

+ 4- 


J 

4. 

Egg albumin and serum 







solution 

-f 



— 

The growth is 

5. 

Egg albumin and serum 





> uniformly f€>eblo 


solution 

1- 1- 

1 

i /2 

— 


3 in all the tubes. 


-f- /2 indicates five or less than five t.rophozoites per field as ebserved under low power. 


It was further observed that while combination of the ‘inert* slant and the 
fluid containing egg albumin and horse serum was more effective than the fluid 
itself, the growth of the amoebae was noticed to be definitely feeble when the same 
fluid, but without the slant, was mixed with agar to mak(^ it viscous. In actual 
experiments this semisolid medium was prepared by mixing 6 c.c. of a 3% agar 
solution with 28 c.c. of the fluid. It may be stated that the slant is made mainly 
of agar. When the slant is withdrawn and agar is incorporated in the albuminous 
fluid enriched by the addition of horse serum, this semisolid or viscous material 
behaves in a remarkably different manner than when the agar in the form of slant 
is used. 

6. The activation of bacteria and its effect on the constitnents of the medium 

In stimulating the growth and viability of the amoebae the associated bacteria 
and the individual constituents of the medium are equally important. The condi- 
tions leading to the growth of the amoebae develop as a result of their mutual 
actions. This is explained by stating that while some constituents of the medium, 
e,g, peptone, help the growth and rapid multiplicKation of the bacteria, others, such 
as egg albumin, are unable to perform the same function. After bacteria have be^^n 
activated by growing in a medium containing peptone, they are able to attack the 
albumin and break it into simpler constituents. Without peptone, as has been 
stated, the same bacteria cannot hydrolyse albumin or any other proteins. These 
observations were the results of the experiments described below. 

Bacteria, strains no. 2 and (1+3), were cultivated in several liquid media, 
e,g. (a) egg albumin solution; (6) egg albumin solution + peptone; (c) egg albumin 
solution +horse serum; (d) nutrient broth; and (e) glucose broth. At the end of 
24 and 48 hours* incubation the growth of the bacteria and the pH of the culture 
fluid were noted. At the end of 48 hours, tests were made for proteoses and 
peptones in culture fluids (a) and (c). The results have been incorporated in Table 

vin. 

It wiU thus be seen that: 

1. (a) In all the above experiments in the case of strain no. 2, irrespective of 

the growth of the bacteria, starch was not affected in any way. 
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Shfming the action of hactcruU strains no. 2 and (1 ^3) when grown in different fluid media 


Horial 

no. 

Medium. 

Baeterittl strain no. 2. 

Bacterial strain no. {14-3). 

(") 

alhiirnin Holn. f 
Htnroh (/>H (i'H). 

pH after 24 hrs. : 6-8 

p\{ after 48 hrs. : 6*8 

(jrrowth aft<3r 24 hrs. Nil 

Growth after 48 hrs. -f 

Pro tooHOs -} peptones : Nil 

pH after 24 hrs. : 
pH after 48 hrs. 
Growth after 24 hrs. 
Growth after 48 hrs. 
Proteoses 4- peptones : 

6*8 

6*8 

4- 
+ 4^ 

4- 

('>) 

albumin hoUi. » 
i jHjptono f Htarch 
(ydlb-S). 

pil after 24 hrs. : 0*4 to 6*6 

Growth after 24 hrs. -f* -f- + 4- 

pH after 24 hrs. : 
Growth after 24 hrs. 

6*8 

4* 4“ 4" 4" 


KutK albumin woln. t 
florae Moruin \ HUindi 
(;>ll (l-H). 

pH after 24 hrs. : 6*8 

Growth afti3r 24 hrs. f -} H -| 
Proteoses i peptones: f -j- 

pH after 24 hrs. : 
Growth after 24 hrs. 
Proteoses }- pef>tono8 

6*8 

4- 4- -f- 4- 
4- 4-4-4- 


Nutrient broth [ 

HUireh (/ill 0-8), 

pll after 24 hrs. : 6-4 to 6*6 

Growth after 24 hrs. -f -|- j- f 

pH after 24 hrs. 
Growth after 24 hrs. 

6*8 

4- 4" "(■ 4* 


OIiK’owo broth ipil 
0-H). 

pH after 24 hrs. ; 4*4 to 4*6 

Growth after 24 hrs. f -f -j- 4 

pH after 24 hrs. : 
pPI after 48 hrs. : 
Growth after 24 hrs. 

5*4 to 5*8 
6*2 to 6*6 

4- -f- 4- 4- 


(6) Although there was no growth of the bacteria in egg albumin solution up to 
24 hours, a fe(4)le growth was noticed after 48 hours. There wus no hydrolysis of 
('gg albumin (vide. no. (a) in Table VUI). 

(c) Th(' sarru* strain of bacteria showed a profuse growth in a medium contain- 
ing a small c|uantity of peptone or horse serum in addition to egg albumin. This 
w'as ae<’ompaiii<‘d by hydrolysis of egg albumin (vide nos. (h) and (c)). 

In luitrient broth ( peptone +nicat extract), and glucose broth (glucose + 
nutrient broth) gnnvth was profuse but acid was produced in the latter medium 
only (vide nos. (d) and (e)). 

2. (a) In the case of strain no. (1+3), as with strain no. 2, starch was not 

affected. 

(b) Tlu're \vas feebli' growth in egg albumin up to 24 hours, thereafter the 
growth increast'd. There was slight hydrolysis of egg albumin (vide no. (a)). 

(c) The growth of the bacteria was profuse in a medium containing a small 
quantity ot {)epton(‘ or horse serum in addition to egg albumin; there was 
also hydrolysis of egg albumin (vide nos. (6) and (c)). 

(d) In nutrient broth and glucose broth, growi^h was likewise profuse. In case 
of glucose broth there was slight acidity at first which became neutral after 48 hours 
(vide nos. (d) and (e)). 


6. TAe consiihiente of a medinm and reduction of the s^ibstrates 

As amoebae are obligatory anaerobes, for anaerobic respiration they require a 
medium which has already undergone reduction. In absence of chemical sub- 
stances such as cysteine, gliiUitliione, etc., which when mixed with the culture fluid 
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are themselves able to reduce the medium, the lowering of the oxidation-reduction 
potential of the medium is accomplished by the bacteria, Some common con- 
stituents of the medium such as peptone, meat extract, etc., alsi) contribute to some 
extent in bringing about reduction for the purpose of respiration of the amoebae. 
The constituents, however, do not act independently in the same way as the 


Table IX 


Showing how the different coyietituents of the medium auch as serum, egg albumin, etc, react 
with Bacterial Strain no. (1 -f-3) causing reduction of methylene blue 


Substrates. 


Decolouration of methylene blue after an 
interval of 


10 lilts. 


10 ints. 


lleinarks. 


20 mts. 18 lioiirs. 


Serum solution 


Egg albumin 
solution. 


80% \ Reactions are 
I delayed, weak 
\ and iinstfible 
I in both the 
/ tubes. 


Peptone water 


Meat extract 


Nutrient broth 1 


100 % 
in 3 
mts. 


100 % 
in 3 
mts. 


100% S 

in 5 2 2 


i Reactions are 
quick, strong 
and stable in 
all the tubes. 


Table X 

Showing how the different constituents of the medium such as serum, egg albumiu, etc. react 
with Bactervd Strain no. 2 causing reduction of methylene blue 


Decolouration of methylene blue after an 
interval of 


Substrates. 


Serum solution 


Egg albumin solu- 
tion. 


Peptone water 


Meat extract 


Nutrient broth 


10 rats. 

20 mts. 

18 hours. 

<D 

P 

Nil 

o 

Nil 


50% 

3 

a 


s. 


A 

■fS 

0 


Nil 

C<l o 

Nil 

4 -« 

0 

20% 1 

© 

a 

<4-1 


o5 

d 2 


1 • 
1 § 



20% 

.2 o 

|l 

20% 

o 'S 

100% \ 

§1 


■s§ 


IS 1 

[ 

10% 


Nil 

II 

100% \ 

2 "S 

40% 

1 I 

20% 

'Ss 

m%) 


Remarks. 


extremely feeble 
and also unstable 
in both the tubes. 


Reactions are 
delayed, weak 
and unstable in 
all the tubes. 
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chemical reducing agents but act conjointly with the bacteria. This was proved 
by taking several test tubes each containing 4 c.c. of the fluid. The different sub- 
HtraU‘>; used were hors(? serum, egg albumin, peptone, meat extract and nutrient 
broth. 0*3 c.c. of bacterial (unulBion from strain no. (1+3) and a few drops of a 
buffered methylene blue solution (pH 7-2) were added gradually in all the tubes as 
shown in Table IX. The degrees of nsluction was judged by the extent of decoloura- 
tion the dy(*. At (^very step eare Wiis taken to prevent bacterial contamination. 
Similar ex{M*rjrn(?nts were carried out with bacterial strain no. 2 in place of strain 
no. (1 +3). The results are noted in Table X. 

It will thus b(i seen from Tables IX and X that the reactions induced by the 
bacteria varied not only with tlie constituents but also with the type of bacteria 
employed. 


Discussion 

In onhu’ to ki'cp E. hlstohjtica alive and for its growth and reproduction certain 
requirements must be fultilied. These are: 

(1) The projK^r type of the culture medium. Though different types of media 
are recomuuuuled for its cultivation, the results are never satisfactory in all cases. 
It is likely that the ik cjcssary conditions arul substances favouring their growth are 
not pH'seut in the same manner in all tlu^se different media. 

(2) Suit able types of bacteria growing wuth the amoebai^; and 

(3) Optimum tcunfKTatures for the growth and its viability. 

Tli(‘ jireparation of a nu'dium containing proportionate amounts of nutrient 
materials for the amoebae is, thcu’ofore, of fundamental import^ince. The culture 
medium in addition to containing all the elements necessary for the growth and 
viability of the amoeba(‘ should also be pr()jx.Tly constructed. How the construc- 
tion of a nuMlium inthuMices the growth of the amoebae can be demonstrated by 
culturing tluun in t he following nu'dia : 

(a) in a tluid nu'diuni hut without a slant. The growth is markedly feeble 
(Table VH). 

(h) in th(‘ same ni(‘(liurn with an ‘inert’ agar slant. Growth profuse (Table 
VII). 

(c) in th(‘ same fluid wtien mixed with agar making it viscous. Growth 
feebh*. 

It follows that Insides the constituents of a medium its construction is also 
important. It also apjn‘ars that though the fluid itself can sustain the amoebae, 
the pn'semn' ot a slant It'ads to a remarkable increase in their growth. In order to 
study in what ways a. slant tnay eneouragt' the growdh of the protozoa, investigations 
wen' uiuh'rtakt n using slants having different compositions. While slants in A^y 

^ 2 ^ 3 combinations (Table III) caused a distinct stimulation of the growth 

by providing the noe('ssary nutritive factors, the ‘inert’ agar slant, on the other 
hand, which as a rulo dot s not contain any growth -promoting or nutritive sub- 
stanws, also produced a notic('able effect on the growth of the amoebae (Table VII), 
In what way the ‘ inert' agar slant itself influences the physiological activities of 
the amoebae is diffii ult to c.xplain 

Oompo^iitton of the medivni: To determine how the composition of the medium 
influences the growth ot the amoebae, the v'arious constituents which have been 
used in our work, are divided into three groups, namely: 

(1) basic substances, e.g. starch, egg albumin, serum protfeins, meat extract 

and peptone. 

(2) accessory graivth suhstayiccs, e.g, haemoglobin and vitamin B-complex. 

(3) saUs, including the buffers, e,g. NaCl, KCl, CaClg, Na2HP04, KH2PO4. 
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Basic substances: The basic substances, enumerated above, are essential for 
the growth of the amoebae. They encourage the growth and also prolong the via- 
bility of the parasites by the following w'ays : 

(i) Serving as food materials, e.gr. starch, coagulated egg and senim albumins. 

(ii) Promoting bacterial growth and metabolism: It is known that E, histolytica 
cannot thrive in the absence of bacteria. In what way bacteria encourage growth 
of the amoebae will be mentioned in a subsequent paper; it may, however, be stated 
now that they do so by decomposing proteins. It is interesting to note that while 
the growth of the amoebae is stimulated by the products resulting from the action 
of the bacteria on egg albumin and serum proteins, the latter substances alone are 
unable to support the growth of the bacteria. To accomplish the gr<3wth of the 
bacteria in egg albumin or serum protein solution, addition of small quantities of 
peptone, meat extract, nutrient broth or even serum will be needed (vide Table 
VIII). This indicates that peptone, meat extract and serum contain some sub- 
stance or substances which are essential not only for stimulating the metabolic 
activities of the bacteria, but also for inducing the bacteria to hydrolyse complex 
proteins such as egg albumin and .serum proteins. The increase of foetid smell 
and the growth of the amoebae, noticed on the addition of peptone, meat extract 
and serum to the basal medium (vide Table VI), strongly suggest that these are 
due to stimulation of the putrefying reactions of the bacteria. 

(hi) Lowering the Eh of the medium: K. histolytica being an obligatory anaerobe, 
requires a strongly reduced medium for respiration. In reducing the medium, 
apart from the bacteria growing in it, some ofhts basic constituents also contribute 
to a great extent. This will bo evident from the results noted in Tables IX and X. 
The tables show that while in the case of peptone, meat extract and nutrient broth 
the reduction was quick and strong, on the other hand, it was slow and feeble in the 
case of egg albumin and serum. The tables also show that the extent of reduction 
and the time required for this to develop varied not only with the constituents but 
also with the type of the bacteria employed. When the reduction is ojuick, strong 
and stable, trophozoites after inoculation in such a medium are able to thrive and 
multiply. In the case of egg albumin, as has been reported, the reaction is delayed, 
weak and unstable and as a result of this many of the trophozoites tend to 
succumb. 

When the growth and viability of the amoebae were noticed to increase follow- 
ing addition of serum to the basal medium containing egg albumin as the only 
protein constituent, it was surmised that the growth and viability were directly 
the result of the action of urea, uric acid, creatinine, etc. present in the serum. It 
may be stated in this connexion that egg albumin alone is unable to stimulate the 
growth of the amoebae. As observed by Bainbridge (1911) and confirmed by us 
and reported in this paper (vide Table VIII), the proteolytic bacteria always require 
an ‘alternate sources of nitrogen’ for hydrolysing egg albumin. The urea, uric 
acid, etc. of the serum may perhaps serve the same purpose, i.e. they function as 
the ‘alternate sources of nitrogen’ and thus encourage the growth of the amoebae. 
This is done by stimulating the bacteria enabling them to hydrolyse egg albumin. 
However, in actual experiments it became manifest that urea, uric acid, etc. in the 
proportions as these exist in the serum are incapable of serving as the ‘alternate 
sources of nitrogen’. This was proved by adding urea, uric acid and ammonium 
chloride to the basal medium. 

The other explanation which may be put forward to account for the growth- 
promoting properties of the serum itself is by its power to reduce the substrate. 
Tables IX and X show that unlike peptone, meat extract, etc. serum is not a power- 
ful agent capable of reducing the substrate. Therefore, the idea that the serum 
itself improves the growth of the amoebae by supplying the reducing substances, 
cannot be entertained. 

7 
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It hi difficult to explain why amino acids and cholesterol either separately or in 
combination with other constituents of the serum, urea, uric acid, etc. fail to 
stimulate the growth of the amoebae. It may be mentioned that it has not been 
mssible to study the role of the fatty acids on the growth of the amoebae and hence 
whether tlieir growth is due to the fatty acids or some unknown substances present 
in the serum is also difficult to say. 

Accessory growth substances: It has been demonstrated that the addition either 
of vitamin B-coinplex (jr liatunoglobiii (vide Tables V and III) leads to a remarkable 
increase in the growth of the amoebae in an enriched medium. 

It is known that vitamins, especially the B-complex, are synthesised by 
bacteria. Continuous cultivation of the amoebae in any medium in course of time 
affects their growth and viability. Addition of a few drops of vitamin B-complex 
solution at this sUige always profoundly increases the growth and viability (vide 
Tabic? V). This leads us to conclude that the growing amoebae are in need of 
viUirnin B compi(?x and that the bacteria being devitalised due to prolonged sub- 
cultures fail to prcxlucc? this essential requirement. 

It is not. possible to advance the correct explanation on the mode of action of 
hacjrnoglobin in stimulating the growth of the amoebae, but it seems probable that 
it does so l)y su})plying the amoebae with respiratory enzymes. 

Salts atui buffers: The* inorganic salts are mainly responsible for the main- 
U>nanec* of thc‘ osmotic pressure of the culture fluid. A change in the proportion 
of sodium eliloride from 0*9% to 0*5% does not seem to appreciably affect the 
growth of the amoebae. This has been reported by Mukherjea (1951 : 9) while 
cmltivating E. histolytica (strain no. 1). The present observations suggest that the 
amoebew^ arc' nori»iaIly provided with the? required amounts of CaCl 2 iJ»nd KCl in the 
culture? nuxlium, thc'se being met from such substances as serum, meat extract and 
jH'ptoue. Addition of any further quantity of these salts to the medium does not 
serve? any addit icmal advantage*. 

To eemnte?raet the fall in pH, buffers are used. This is not necessary in case 
where the prop<*r type of bacteria is present. When grown in Eq medium with or 
without the addition of a buffer, the amoebae (strain no. 7) showed no change in 
their growth and viability. However, the incorporation of buffer salts would be a 
safeguard against changes in reaction in the event of an unfavourable type 
of bacteria growing with the* amoebae. 


Summary 


'Iho imporUuit ftuituro.s that have emerged from the present investigations are: 

(1) Iwo ty|)evS of fi. coli, one swvprophytio, the other intestinal, wore seen growing with E* 
hxstolytku strain no. 7 in the culture media. 

(2) In Btimnlating the growth of tlio amoeba the constituents of a medium and its construc- 
tion are eque^lly important. 

(3) Changes in the composition of the slant and also of the fluid have profound influences 
on the growth and viahilitv of the amoeba 

(4) Some of the constituents of serum such 6ks urea, uric acid, cholesterol, etc., fail to sti- 
mulate the growth of the atnoeha. 

({>) The ^^ic constituents of a medium such as egg albumin, peptone, meat extract, serum, 
etc., ^pply the nutritional nHpureinonts of the amoeba. They also stimulate the growth and 
bacteriii and supply the reducing substances necessary for the growth of the 

(6) Accessory growth .substances such as haemoglobin, vitamin B-complex, etc., serve merely 
as stimulants for activatmg the basic constituents of the medium. 

buffers are not rtHpiired if the bacteria are of the putrefactive type. 

(8) Addition of such sul^staiicos as impure peptone, meat extract and serum, helps the 
^®bility of the amoolxi by stimulating the putrefactive process by the bacteria. 

K ^ want of a memum servos the function of providing nutrition to the amoeba and 
probably moreasea the E^ of the medium. 

7B 
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STUDIES ON THE PHYSIOLOGY OF RICE 

VHI. The Effects of Low and High Temperatxtbb Germination with or 
WITHOUT Short Days on Summer and Winter Varieties 
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Introduction 

Tho (‘fTects of (lifTerent temperatures and photoperiods on the flowering of 
Humrner and wint(3r varieties of rice grown in the tropics have been reviewed else- 
vvhero (Sirear, LMS). 'fhe results indicate marked differences in their behaviour 
towards th(> iernpt'ratnre of germination and day length. Thus by short day 
treatment of a winter variety, RupsaiL Sircar and Parija (1948) showed an accelera- 
tion of flowering from to 47 clays, a period known to be the shortest for winter 
rice to flower. This effecd- noticed only in the primary axis and the first and second 
tillers showflng varying degree of earliness, appeared to be of varietal difference 
and localised in the shoot apices of the treated seedlings. Both low and high 
temperatures are without any vernalising effect in this variety. On the other 
hand, ac^celeration of (lowering by high temperature and low temperature retardation 
led Ghosh (1949) to suggest that high temperature is an essential feature for the 
initiation of the r(^prc)dueti v(^ phase in summer varieties. The short day effect in 
thorn is, howa>ver, to retard flowering or even to annul the effect of high tempera- 
ture. In view of these contrasting behaviours the present investigation was 
undertaken to examine more critically the effects of low and high temperatures 
with or without short days on growth, flow’ering and yield of the two main crops 
of ri(‘(?. In this paper the effects of such treatments are also discussed in the light 
of recent views on the physiology of flowering. 


Materials and Methods 

Summer Rio \ Tlui efteets of high temperature alone and in combination with 
short days W'ore studied in 194() with two summer varieties, Charyiock and Pa 7 ihira. 
Seeds grndcMl and sterilised, were imbibed in water to 30 per cent of fresh weight in 
order to sprout the embryos without radicles and plumules emerging out of the 
seed coat (Sircar and Ghosh, 1947). The sprouted unsplit seeds were then vernalised 
at 35°C. for 10 and 20 days, and sowm along with the respective control in earthen- 
ware seedbed pans on April 0 and 16. One week old seedlings of three seedbeds 
were then exposed to 8 hours photoperiod from 8 a.m. to 4 p.m. for 4 weeks and the 
remaining ones allowed to grow under natural day length. After photdperiodic 
treatment was over the seedlings were transplanted all on the same day in pots 
with 15 replicates for each treatment. 

In 1948 the effects of short days for 6 weeks were studied with two other 
varieties, Kataktara and DhairaL Seeds were sown on April 19, and the same 
method of short day treatment was used in this experiment. 


* At present Assistant Botanist, State Agricultural Research Station, Chinsurah. West 
Bengal. 
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The earthenware pots were filled with an equal quantity of soil dressed with 
one-eighth part of cowdung manure. Four seedlings were transplanted at first in 
eaeh pot, after a week thinned down to two uniform plants. The data for tillering, 
plant height, stem length at the flowering stage, leaf number, ear emergence and 
grain yield were collect^ from randomised blocks. More important of these data 
were analysed statistically. 

Winter Rice, — In 1947 the effects of high and low temperatures with or without 
short days were investigated with one winter variety, RupsaiL 

Seeds treated as before were vernalised at 35®C. for 10 and 20 days and at low 
temperature, 10®C. for 5 days, and sown along with the controls between July 3 
and 17. Subsequent expenmental procedure was similar to that of the previous 
experiments. 

Experimental Results 

The effects of different treatments on vegetative growth as indicated by the 
tillering, plant height, stem length and leaf number of both summer and winter 
varieties of paddy are presented in Tables I to III. 

Tillering. — The influence of short day exposure, high temperature and high 
temperature followed by short days on tillering of four varieties of summer paddy, 
Charnock, Panbira, Dhmral and Katakiara, do not show any appreciable difference 
as compared with the control (Tables I and II). This is in conformity with the 
observation noted previously that there is no significant difference between high 
temperature treated and control plants of two summer varieties, Dhairal and 
Thoranga] on the other hand, pre-sowing low temperature treatment caused greater 
production of tillers (Ghosh, 1949), Sircar and Parija (1949) reported that pre- 
sowing low temperature (3°C.) treatment induced all the tillers to bear ears in the 
summer variety, Jhanji, but in Bhutmuri a marked depressing effect was noticed. 

A tendency to increase in tillering by short days with or without pro-sowing 
temperature treatment is apparent in winter varieties. In Bhasavuinik a tempera- 
ture lower than the present one in combination with short days increased the tiller 
number considerably (Sircar and Parija) and in Rupsail the short day effect of 
increasing tillering is very marked (Sircar and Sen, 1953). 

Height. — Two measurements were taken at the flowering stage; one from the 
surface of the soil up to the topmost leaf tip on the main shoot and another up to 
the base of this leaf. The first one is the plant height and the second one, the stem 
length. In summer varieties, Chamock, Panbira, Dhairal and Kataktara, short 
day treatment caused reduction of both height and stem length, while high tem- 
perature for 10 or 20 days increased both in Panbira and Charnock (Tables I and II). 
In two other varieties, Thoranga and Dhairal, maximum plant height at an initial 
stage of vegetative growth was obtained by temperature 35°C. for 26 days, while 
the effect of low temperature was reduction (Ghosh, 1949). It appears that the 
effect of short days on plant height is similar to low temperature. 

Height and stem length at the flowering stage of the winter variety, Rupsail, 
show a reduction in treatments with low or high temperatures plus short days, 
whereas low or high temperatures alone are without any effect. 

Leaf number. — It is interesting to note that in summer paddy short day treat- 
ment causes an increase in leaf number with retardation of flowering while high 
temperature acceleration has no effect on the leaf number (Tables I and IV). In 
winter paddy, Rupsail, short day exposure is associated with reduced leaf number 
and acceleration of flowering. High or low temperatures alone have no significant 
differences. From the results it appears that there exists a very high and significant 
correlation between leaf number and the time of flowering. Analyses of covariances 
of the data are presented in Tables V to VII. Regression and correlation co- 
efficients to each item in the analyses are given, logarithms being used only on 
series 1 of Rupsail. Regression coefficients are, therefore, independent of the units 
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in which the two variables are expressed, and tend to unity as correlation increases. 
It is seen that the correlations are in all cases positive and significant. 

Tabix I. (1946) 

Tiller, height and leftf number (average of 30 plants) 


Vfiriotios. 

Treatment. 

Tiller No. at 
tho flowering 
stage. 

Height and 
stem length 
in cm. at the 
flowering 
stage. 

Leaf No. 
on tho 
main shoot. 

ClIAftNOCK 

Series I 

Contnil (A) 

30 

90-8 

14-4 


K hrs. for 4 weeks (U) 

2*9 

58-9 
80-3 1 

15*5 


for 10 (la>s (C) 

3-2 

49-8 

90-7 

14-3 


for 10 days f 8 hrs. for 

31 

r>8*9 

81-2 

15-8 


4 weeks (D). 

i 

44-6 ! 



Trout luent inonna for tho varinto loaf number significant at 1% level. 

D.r^. > C.A. 

Series II 


35'(', for 20 (lays (E) 

31 

90-1 



60-9 

for 20 flays h 8 hrs. for 

31 

73-4 

4 wo(>kH (F). 


25-6 

t’ontrol (Cl) 

31 

83-6 



56-3 


Trout rnont moans for tho variate loaf niunber significant at 5% level. 

F > G.E. 


Paniura 


Scries I 

Control (A) 

2-4 

114-9 

14-5 

H hrs. for 4 wof^ks (H) 

2.9 

71-0 

100-7 

15-8 

3r»' (', for 10 (lays {V). . . 

2-9 

63-2 

117-9 

14-8 

35 (\ for 10 (lays • ,h hrs, for 

2-8 

72-8 

103-5 

15-7 

4 weeks (D). 


59-9 


Treat intmt nutans for the variate leaf number significant at 1% level 

P.D . > C A. 

Series II 


35^C. for 20 days (E) 

2-6 

120*0 



81-9 

35®C. for 20 days 4 * 8 hrs. for 

1-9 

109-3 

4 weeks (F). 


67*2 

Control (G) 

2-9 

120-5 



81*0 


Treatment means for the variate leaf number not significant. 
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Tablv II. (1948) 


T%Uer and height ((iverags of 20 planio) 


Varieties. 

Treatments. 

Tiller No. at 
the flowering 
stage. 

Height and stem 
length in cm. at 
the flowering 
stage. 

Dhairal 

Control 

8 hrs. for 6 weeks 

4- 8 

5- 4 

118-3 

72-8 

103-1 

53-5 

Kataktara 

Control 

4-7 

119-1 




76-2 


8 hrs. for 6 weeks 

4-6 

117-9 




66*1 


Table lU. (1947) 

Tiller f height and leaf number (average of 20 plarUe) 


Varieties. 

Treatments. 

Tiller No. at 
the flowering 
stage. 

Height and 
st/Oin length in 
cm. at the j 

flowering stage. 

Leaf No. 
on the 
main shoot. 

Ritpsatl 

Series I 

Control (A) 

4-4 

71-7 

15-3 


10°C. for 5 days (B) 

4-4 

61-8 

72-0 

16-5 


10°C. for 5 days-f 8 hrs. for . . 

4-6 

54-6 

49-0 

8-3 


6 weeks (C). 

8 hrs. for 6 weeks (D) 

60 

29-9 

48-3 

8-4 



22-2 



Treatment means for the variate leaf number significant at 1% level. A.B, > O.D. 


Seriee II 


Control (E) 

3-3 

76-7 



53-7 

36°C. for 10 days (F) 

4-4 

72-6 


63-9 

36®C. for 10 days-f- 8 hrs. for . . 

4-6 

46-9 

6 weeks (G). 


20-1 


Treatment means for the variate leaf number significant at 1% level. E.F. > Q. 
Series III 


Control (H) 

4-0 

73-4 



66-6 

36°C. for 20 days (I) 

4-8 

73-4 

AUdied. 

63-8 

36®C. for 20 days-f 8 hrs. for . . 

6 weeks (J). 
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Table IV 

Leaf numher on the main shoot {1948) 






U' values. 



No. of 

Calculated 



Varic'tioM. 

Trtsil W4 . 

loaves. 

1 

value oft*. 

11 

6 

1 p = -01 

! 

Dhauial 

Control . . 

13-7 

7*53 

2110 

2-898 


H hrs. for S woc'ks . . 

ir>*r> 




Kataktaka 

j 

Control . . . . ^ 

13-2 1 

13-35 

2-101 

2-878 


8 hrs. for ft . . 

IftO 





Ear Ernprge.nce, -- T\\ii data for car emer^ijonce of the primary axis and tillers of 
mimmer and winter varieties are recorded in Tables VIII to X. 

Fn i'harnock high tempc^ratvire of 35°C. for 10 and 20 days induce slight accelera- 
tion r)f dowering in the primary axis, but the effect is not statistically significant, 
while in Panbira a significant earliness by high temperature for 20 days is observ^ed. 
In all tho varieties flowering is retarded significantly with increased number of 
leaves by short days. This retarding effect does persist even after high temperature 
treatment indicating that the acceleration of flowering by high temperature is 
completely annulled. Flowering in the tillers was similarly effected. 

Regarding winter paddy, Rnpmib low temperature followed by short days has 
an accelerating effect on the flowering of the primary axis as well as the tillers, 
while short days alone induce early flowering in the primary axis only. The results 
are highly significant at 1% level. 

Table V 

Avalysis of covariaoce. {variety 'Panbira ') 

Covufiance of number of leaven per plant {L) and the number of days required for flowering {D) 



Series 1 



Sources of covariance. 

D.F. 

Correlation 

Regression 

coefficient. 

of D on L, 

Total .. 1 

23 

0-6996 

5-6686 

blocks . . . . 1 

I .5 

0-3409 

2-8248 

Treatments . . . . I 

3 

0-9081 

7-5831 

Remainder . . . . | 

1 15 

Series II 

0-3894 

2-9351 

Total 

26 

0-3827 

3-9722 

Blocks 

8 

0-4175 

2-5354 

Treatments 

2 

0-9986 

26-1680 

Remainder 

16 

- 0-0277 

-- 0-2136 
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Table VT 

Analysis of covariaftce (vort^/y * Chamock *) 
Series I 


Sources of covariance. 

D.F. 

Correlation 
coetiioient . 

Regression 
of D on L» 

Total 

1 

69 

0-6497 ! 

6-0969 

Blocks 

14 

0-2271 

2-0428 

Treatments 

3 

0-9CS9 

7-4892 

Kemainder 

42 

0-3231 

3-9297 


Series II 


Total 

23 

0-5101 

4-3679 

Blocks 

7 

0-3180 

1-9013 

Treatments 

2 

0-9986 

19-3505 

Remainder 

14 

0-4611 

1-9169 


Table VII 

Analysis of covariance (variety ^ RupsaiV) 


Series I 

Sources of covariance. 

1 

D.F. 

Correlation 

coefficient. 

Regression 
of D on L, 

Total 

31 

0-9866 

1-2900 

Blocks 

7 

0-8740 

1-2606 

Treatments 

3 

0-9962 

1-3000 

Remainder 

21 

0-7884 

1-0313 


Series I 



Total 

31 

0-9898 

9-7466 

Blocks 

7 

0-8792 

10-4061 

Treatments 

3 

0-9978 

9-8470 

Remainder 

21 

0-7694 

6-0986 


Series II 


Total 

29 

0*9927 

7-8619 

Blocks 

9 

0-4601 

3-4999 

Treatments 

2 

0-9999 

7-9698 

Remainder 

18 

0-7417 

3-9047 
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Table VIII. (1946) 

Sh</winfj number of day » for ear emergence and length of ears (average of SO plants) 


1 


No of days from sowing 

Average length of ears 


! 

j to flowering. 


(in cm.). 


Vivrictif7M. 

Treatments. 

Main 

let 

Second 

Main 

let 

Second 



shoot. 

tiller. 

tiller. 

shoot. 

tiller. 

tiller. 


Series 1 







1 

(^)ntrol (A) 

113-8 

115-1 

120-0 

23-6 

23-3 

19-2 


H hrs. for 1 vvoeks (H) 

l20-<) ! 

122-7 

125-0 

24-1 

23*5 

22-6 


,"lo '(^ for 10 (lays ((^) . . 
35 "(/. for 10 rtays j 

109-8 

112-4 

117-8 

23-5 

22-2 

21-4 


8 hrs. for 4 weeks (D) 

122-1 

122-3 

125-3 

21-9 

18-1 

13-6 


'rnvitrnent for tho variate number of days for ear emergence of the 

main nhoot significant at 1 % level. D.B. > A.C. 


Series 1 1 






3r> r. for 20 days (R). . 

110-4 

H4-7 

11 90 

22-7 

15-1 

35 ’C. for 20 days ! 






H lirs. for 4 weeks (F) 

12fi-2 1 

1258 

128-0 

21-5 

22-2 

Cont rol (G) 

1 13-0 

114-9 

U4-5 

19-9 

18-4 


'rroatment moans for tho variate number of days for oar emorgenoo of tho 
main slioot significant at 1 % level. F. > G R. 


Panbika 

Series 1 

(\>ntrol (.A) 

110-9 

1180 

120-4 

20-0 

18-8 


H hrs. for 4 weeks (B) 

122-0 

123-4 

127-8 

20-9 

16-0 


35 (C for 10 days (C) . . 

l09-t) 

112-5 

115-0 

1 23-7 

20-1 


35 ‘C for 10 <iays i- 
8 hrs. for 4 weeks (D) 

122-7 

125-8 


23-6 



'Pn'at merit moans fer tho variate miinbor of days for oar emergence of the 
main shoot significant nf 1 % level. D.B, > A.C. 


Scries ll 






35 T. for 20 days (R) . - 

99 -S 

98-1 

98-7 

23-8 

24-3 

35T^. for 20 vlays i 





8 hrs. for 4 wts'ks (F) 

11.3-4 

llO-O 


22-6 

23-0 

Control (G) . . 

107-9 

109-8 

115-3 

22-2 

22-5 


Trt'atrnent means for tho variate number of da3r8 for ear emergence of the 
main slioot significant at 1 % level. F. > G. > E. 
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Tabi* IX. (1948) 

Showing number of days for ear emergence and length of ear* {average of SO planta) 


Varieties. 

Treatmente. 

No of days from sowing 
to flowering. 

Average length of ears 
in om. 

Main 

shoot. 

Ist 

tillor. 

2nd 

tillor. 

Main 

slioot. 

Ist 

tiller. 

2nd 

tiller. 

Dhairal 

Control . . 

108-9 

108-2 

111-5 

23-0 

22-3 

22-8 


8 hrs. for 6 weeks 

126-6 

119-7 

123-1 

20-6 

18-1 

20-6 


Treatments, shoots, interaction (treatment x shoot) for the variate numl>er of 
days for ear emergence significant at 1% level. B. > F. D. > E. A. C. 

Treatment moans for tho variate length of ears significant at 1 % level. 

A. E. C. B. F. D. 


Kataktara 

Control . . 

106-8 

106-9 

109-7 

26-8 

26-2 


8 hrs. for 6 weeks 

127-8 

121-7 

126-7 

27-1 

26-9 


Treatments, siioots, interaction (treatment x shoot) for the variate number of 
days for oar emergence significant at 1% level. B. F. > D. > E. C. A. 


Treatment means for the variate length of oars not significant. 


A — Main shoot of control. 
C — 1st tiller of control. 

E — 2nd tiller of control. 


B — Main shoot of treated plant. 
D — Ist tiller of treated plant. 

F — 2nd tiller of treated plant. 


Grain Yield . — The effects of different treatments on the yield were determined 
by measuring the ear length, number of grains set per ear and finally the weight of 
the grains. The data are given in Tables XI and XII. 

With retardation of flowering grain yield and the number of grains per ear has 
been adversely affected in Dhairal at 1% level, while in Kataktara no significant 
difference was noticed. The differences in the length of the ears, however, did not 
show marked variation from those of the respective control indicating that the 
treatments have little effect on ear length. A highly significant increase at 1% 
level in the number of empty spikelets was noticed in both the israrieties indicating 
that to some extent short day treatment leads to the failure of grain setting. The 
length of ears, the number of grains and the yield were all adversely affected by 
short days and temperature treatments in Rupsail (Tables X and XI). 

Prom the results obtained in the rice varieties an overall effect of the different 
treatments on grain yield may be visualised. Short days appear to reduce the 
yield of the summer varieties because of the failure of a large number of spikelets 
to form grains (Table XII). While high temperature treatment causes an increased 
yield together with increased number of fertile spikelets (Ghosh, 1949). Reduction 
of grain yield in the winter variety by short days is, however, due to the reduction in 
ear length and the number of total spikelets (Table XI). 



400 S. M. 81RCAB & B. N. GHOSH: STHDIBS ON THB PHYSIOLOGY OP RICH 


Table X. (1947) 


Shfytmng numh€r of day /t fr/r ear emergence and length of eare (average of 20 plants) 


VarioticM. 


No of days from sowing 
to fioworing. 

Average length of oars 
in cm. 

Treatments. 

Main 

shoot. 

Ist 

tiller. 

2nd 

tiller. 

Main 

shoot. 

Ist 

tiller. 

2nd 

tiller. 


Series I 







KursAiL 

Control (A) 

126-7 

127-8 

128-6 

19-0 

18-39 

16-72 


; 10"C. for 5 flays (B) . . 

125-3 

127-2 

128-7 

17-2 

17-65 

16-37 


UFG. for 5 clays f 8 lirs. 








for 6 weeks (C) 

54-3 

98.3 

103-4 

14-3 

13-02 

14-14 


1 8 hrs. for 6 weeks (D) . . 

61-8 

127-3 j 

126-3 i 

11-5 

15-99 

15-40 


Troutmont rniians for tho variate number of days for oar emergence of the 
main shoot Hignificant at 1% level. A. B. > D. > C. 


Treatment means for the variate numl>or of days for ear emergence of the Ist 
and 2tid tillers significant at 1% level. A. B. D. > C. 


Seriefi II 

Oontrf)! (K) 

for lOdays (K) . . 
35 dJ. for l()<lays f 8 hrs. 
for weeks ((>) 


119-8 

122-1 

123-0 

119-8 

121-0 

121-9 

65-3 

136-6 

143-0 


19-3 1819 15-97 

17-2 . . 17-78 

13-0 16-99 15-88 


'rreatment Tuean.s for tho variate number of days for ear emergence of the 
main shoot significant at 1% level. E. F. > G. 


Treatment rneans for the variate nutnl)er of days for ear emergence of the 1st 
and 2nd tillers significant at 1% level. G. > F. 


Series 1 ! I 






Omtrol (Ti) 

35^0 for 20 days (T) . . 
35^0. for 20 days 1 8 

hrs. for 6 wex^ks ( J ) . . 

112-9 

114-3 

All died. 

113-2 

116-8 

114-3 

116-8 

18-0 

18-5 

17- 96 

18- 48 


Discussion 

From the results presented in this paper two outstanding differences in the 
effects of temperature and day-length on flowering of rice varieties are noteworthy. 
In summer varieties pre-sowing high temperature accelerates flowering and short 
days delay it and even annul the acceleration by high temperature. Other workers 
(cf. Sircar, 1048) have also reported acceleration by high temperature in summer 
varieties adapted to different tropical climates. These varieties grow in different 
States of India under, conditions of longer day-length and further increase in the 
day-length appears to have no effect on the flowering (Misra, 1960, 1951). They 
appear to be intermediate (Allard, 1938) in their day-length requirement as day- 
length below 10 hours retards flowering and above 13 hours is without any 
accelerating effect. 
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Table XI. (1047) 

Grain yield and number of fertile and etnpty apikelels per ear 


Varieties 

Treatments. 

Grain yield in gms. 

L 

No. of fertile 
spikelets. 

No. of empty 
spikelets. 

Mciin 

shoot- 

1st 

tiller. 

2nd 

tiller. 

Main 

shoot. 

Ist 

tiller. 

2nd 

tiller. 

Main 

shoot. 

Ist 

tiller. 

2nd 

tiller. 

Rupsail 

Series I 

Control 

0*710 

0*480 

0*370 

.56*6 

45*4 

31*3 

53*4 

49*5 

46*9 


10°C. for 5 days 

0*596 

0-490 

0*581 

43*9 

40*1 

34*5 

43*7 

39*1 

46-2 


lO^C for 5 days 4 

8 hrs. for 6 weeks 

0*226 

0*144 

0*107 

14*6 

10*9 

8*3 

28*6 

24*9 

37*1 


8 hrs. for 6 weeks 

0*139 

0*280 

0*196 

11*6 

19*1 

12*6 

18*8 

57*3 

43*9 


Series II 

Control 

0*845 

0*505 

0*406 

62*3 

41*1 

31*0 

71*2 

67*8 

50*1 


35T>. for 10 days 

0*714 


0*257 

55*4 


20*2 

40*7 


53*8 


35°C. for 10 days 
4- 8 hrs. for 6 
weeks 

0*160 

0*146 

0*109 

12*5 

12*3 

9*4 

10*3 

66*6 

60*8 


Series III 

Control 

0*414 

0*306 

0*290 

32*5 

21*4 

20-3 

82*2 

75*9 

62-6 


35°C. for 20 days 

0*597 

0*531 

0*328 

46*8 

39*2 

26*7 

69*2 

61*1 

68-8 


35°C. for 20 days 

4 8 hrs, for 6 

weeks 

All d 

lied. 









In winter varieties the effect of short photoperiod is different; it induces early 
flowering irrespective of temperature treatment which is not an obligatory factor 
for flowering. The short day acceleration of flowering is remarkable; in some 
varieties it is more than two months ahead of the natural ones. Long day com- 
binations of even 13 hours or above are detrimental to flowering (Saran, 1946; 
Mukherjee, 1946), as it has been shown by Mukherjee that plants raised in February 
did not flower till the natural day-length decreased in October or a period of artificial 
short day applied. 

It is interesting to note that the short day effect is diluted — it induces early 
flowering in the primary axis and a varying degree of earliness in the first two 
tiUers, while later formed tillers are without any photoperiodic response. This 
variation in the flowering times of the primary axis and tillers has been explained 
by Sircar and Parija on the assumption of difference in the distribution and con- 
centration of flower-forming substance in the stem apices formed at the time of the 
photoperiodic exposure. In the present work it has further been noticed that when 
short day is preceded by low temperature there is an acceleration of flowering in 
the primary shoot as well as the tillers (Table XI). The cause of this variation in 
flowering by short photoperiods and in combination with low temperature may be 
explained that low temperature stimulates early formation of tillers in the seedbeds 
(Sircar and Parija) and when this is followed by short photoperiods flower-forming 
substance synthesised in the leaves travels to the apices of the primary shoot as 
well as the tillers already formed before the photoperiodic exposure resulting in the 
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Table XII. (1948) 


amin yield, and number of fertile and empty spikelets per ear 



! 

Grain wt. in 

1 

gins. 

No. of fertile 
spikelets. 

No. of empty 
spikelets. 

VarietioB. 

Troatmeixtfl. 

Main 

shoot. 

i 

l8t 

tiller. 

2n(i 

tiller. 

Main 

shoot. 

1st 

tiller. 

1 

2ncl 

tiller. 

Main 

shoot. 

Ist 

tiller. 

2nd 

tiller. 

Dhaiual 

( ‘onirol 

2-406 

1-928 

2-108 

95-7 

70-8 

81-0 

20-6 

24-4 

21-8 


H hrs. for 6 
wfwks 

0-903 

0-895 

0-882 

39-3 

35-3 

39-6 

46-1 

3 m 

37-8 


Trtjatmt'ifi rneunn for tVio variate grain weight and niimbor of fertile spikolots 
Bigniticant at 1% kwel. A. E. 0. > B. D. F. 

Treutineiit loetinfl for the variate number of empty spikolol^ significant at 
1% level. B. F. I). C. E. A. 


K.vtaktaha 

( Control 

2-693 

■i:w8 

2-340 

13.3-8 

119-3 

117-7 

22-9 

26-0 


1 

H hrs. for 6 
weeks 

2-606 

2-4fi9 

2-160 

128-6 

129-0 

107-4 

76-9 

59-0 


Treatment mt^UH for the variates grain weight and number of fertile spikelots 

not significant. 

'rroatmont means for the variate numl)er of empty spikelots significant at 
1% level. B. F. I). > E. C. A. 


A —Main slioot of control. B — Main shoot of treated plant. 

F' -Ist tiller of control. D — Ist tiller of treated plant. 

E — 2tMl tiller of control . F — 2nd tiller of treated plant. 


initiation of tloral priinordia, while in absence of tillering in the seedbed of short 
day treated plants tlovver-fonning substance synthesised during the treatment 
accumulates at the growing apex of the primary shoot and accelerates its flowering. 
It thus appears that the short day effect on rice is difiFerent from other short day 
plants. In winter rye the tillers show the same behaviour as the primary shoot 
indicating that the whole plant is affected by the treatment (Purvis and Gregory, 
1937) and in Xanthium (Hamner and Bonner, 1938) the photoperiodic stimulus is 
not only transmitted to non-induced parts of the plant, but these parts continue to 
produce flowers indefinitely even if the induced plant part is removed. This led 
Lang (1952) to consider the possibility that the photoperiodic effects are self- 
perpetuating. Since the tillers in rice formed after the exposure failed to show the 
response, and they flower only after a second dose of sliort day treatment (Mukherjee, 
1946), it follows that the effect is localised and related to the concentration of the 
substance formed during the effective photoperiod, and there is no indication of the 
stimulus transmitted to the later formed tillers of the same plant. Taking this fact 
into consideration it is difficult to conceive that the photoperiodic effect in rice is 
self-perpetuating. 

With acceleration of flowering by short days alone and in combination with 
the low temperature, a significant decrease in 1^ number on the primary axis of 
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Rupsail is noticed. Between high and low temperature no significant difference 
is observed, while in summer paddy short photoperiods alone and in combination 
with high temperature increase the leaf number with retardation of flowering. 
From the results it appears that there exists a very high and significant correlation 
between leaf number and the time of flower formation (Tables V to VUI). Similar 
relation between leaf number and the time of flower formation has been reported 
by McKinney and Sando (1935) in wheat and Purvis and Gregory (1937) in Petkus 
winter rye. Similar to the effects of short days alone and in combination with low 
or high temperatures on leaf number, plant height and stem length are also ap- 
preciably reduced together with grain yield where marked acceleration of flowering 
is noticed. While the tillering is not reduced, on the contrary, increase in the 
number by short days has been reported by Sircar and Sen (1953). The decrease 
in grain yield is however due to the reduction in ear-length and the number of spike- 
lets (Tables XI and XII). Leopold (1949) reported increase in tillering in winter 
barley with decrease in stem length. It thus appears that with the reduction of 
loaf number and stem length by short days, the materials for the growtli of extra 
leaves and stem length become available for the production of more tillers. 

In summer varieties, the effects of day length and temperature are different; 
short photoperiods alone and in combination with high temperature reduce plant 
height, stem length and grain yield, but the total number of loaves on the main 
shoot is increased and the flowering retarded. On the other hand, high temperature 
induces early flowering with increased grain yield. In these varieties the short 
day effect in addition to delay in flowering leads to the reduction in the number of 
spikelets and a large percentage of faifure of grain formation (Table XII). It is 
not possible without further work to say precisely how short days cause a large 
number of spikelets empty. Since the ear emergence has taken place and a large 
number of spikelets found empty, it follows that flower initiation and floral organisa- 
tion have taken place, possibly the floral maturation consisting of the differentiation 
of sporogenous tissues or pollen or embryo-sac development has been adversely 
affected by short days. 

In recent years considerable attention has been paid to study the physiology 
of flowering. Based on the general features of vernalisation and photoperiodism 
several possibilities have been suggested by workers in this field to explain the 
changes from vegetative to flowering state. Two recent reviews by Sen (1951) and 
Lang (1952) have presented the problem in greater detail. The points at issue are 
how far these hypotheses can explain the peculiarities noticed in rice plant. 

Cajlachjan’s hypothesis (1937) on the formation of a transmissible stimulus- 
florigen has been further elaborated by Lang (1952) with several arguments. One 
important consideration in this is that the substance is self-perpetuating. But the 
substance is not in rice has been argued before. It has been suggested by a group 
of workers (Lang, 1952) that the effect of day length consists not in the formation 
of flower-promoting substance under inductive condition but in the formation of 
flowering-inhibiting substances under non-inductive conditions. These inhibiting 
substances are identified with auxins, and photoinduction involves the production 
of anti-auxins. But Leopold and Thimann (1948, 1949) have shown that the 
auxins may not be acting simply in opposition to flowering but number of flowers 
increased by low concentration of auxin and in pineapple flowering is induced by 
auxin (Clark and Kerns, 1942). Certain considerations from the behaviour of rice 
plant are contrary to this assumption. On the basis of the formation of growth 
inhibiting substances during non-inductive condition it would be difficult to explain 
the fact that only the main shoot of rice plant flowers under short day exposure 
but when the tillers after short day exposure kept in long day for more than one 
month did not flower ; flowering was, however, noticed in these tillers after four 
days short day exposure (Mukherjee, 1946). If the flower-inhibiting substance is 
formed in the non-inductive condition, the long day exposure would lead to large 
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acctiiniilation of this substance in the tillers. It is very unlikely that short day 
exposure of thf^ tillers for 4 days would neutralise all the accumulated inhibiting 
effect and flowering initiate^!. In earlier papers from this laboratory attempts 
have been mmle to explain the l>ehaviour of the tillers on the assumption that some 
Hubstanoe is formed under inductive condition and the subsequent behaviour of 
the tillers is related to the concentration of this substance. Whether this is a 
flowering hormone or sometliing else is not possible to say with the data at hand. 
To elucidate this further work is in progress in this laboratory. 


Summary 

'^Tho efT«ctM of high and low tomporatiiro during germination with or without subsequent 
short day f)xpoHiire of scKxllingH or» tillering, height, leaf number, ear emergence, number of fertile 
and empty Hpikelets in summer {Am) amt winter (Arnan) varieties of rice have been investigated. 

fn Huinmor vnrieticri low tomporatiiro treatmentn are without any acceleration of flowering. 
High temperature a<*i:ol‘uutefi flowering hut short days delay it and imnul the high temperature 
Hcceloration. On tlu' other harui, short day induces early flowering of the winter variety, 
acceleration being noliced in t\u) primary axis only, but wlion short day exposure is preceded 
by low temperature flowering is Hcc(3lerated in the primary shoot as well as the tillers. Low and 
high temperaturoH alone do not seem to have any influence on the flowering of the winter variety. 

AMsiK'iated with tlM^ lu'co’eratiori of flowering there occurs a reduction in leaf number, wliile 
in summer varietic^s short days incu’ease the numlier. Height and stem length are reduced both 
in summer and winter varieties by .short days with or without low temperature treatment. 
High temperature, oii the other hand, has increased the height and stem length. The effects 
on tillering an? ditTeiont; tlu' number is not redialed, on the contrary, an increase by short day 
<ir low temperature treatment has been report (3d. 

Short days up]»ear to reduces the grain yield both in summer and winter varieties; the 
reduction in sumnior vari(3tioH is due to the failiin) of a larg(3 number of spikelets to set grains, 
while in wdnt(3r variety reduction is asswiated with decrease in ear length. 

The results with ri<‘o plant have been discussed in the liglit of recent views on the physiology 
of flowering. 

Th(3 cost of this inve.st igatiori was met from a grant*in*aid from the Indian Coimcil of Agri- 
cultural Hesearch, New Delhi, for which we express our sincere thanks to the Council. 
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Introduction 

Tn 1937, Hora in two papers dealt with certain aspects of the zoogeography of 
the Himalayas and broadly discussed the distribution of torrential fishes on such 
data as were then available. It seems to be a well recognised fact concerning the 
distribution of all groups of animals that the fauna along the Himalayas becomes 
poorer and poorer as we go towards the west and the large assemblage of the so- 
called Malayan forms found in the Brahmaputra watershed and the Assam Hills 
reappears again in the hills of Peninsular India, but not to any appreciable extent 
to the west of the Brahmaputra drainage. As a result of extensive field surveys 
along the Vindhyas (Hora, 1949), the Satpuras (Hora and Nair, 1941), the Peninsular 
India (Hora, 1944) and the Orissa Hills and the Eastern Ghats (Menon, 1951), it 
has now been established that the route of migration of the Malayan elements in 
the freshwater fish fauna of India lay along the Assam Hills and the Vindhya- 
Satpura trend of mountains across the Garo-Rajmahal Gap during periods of 
Pleistocene glaciation when the sea-level fell by several hundred feet (Hora, 1951). 
The systematic studies of the Peninsular isolates vis-d-via the Malayan forms have 
shown that this migration has been accomplished through four waves during the 
Pleistocene epoch (Silas, 1952). In this paper, an attempt has been made to analyse 
in detail the composition of the Himalayan fish fauna in order to demarcate the 
extent of p^etration of the Malayan fauna f along the Himalayas, the barriers 
that obstructed its westward migration and the approximate age of such events. 


♦ Published with the kind permission of the Director, Zoolo^cal Survey of India, Calcutta* 
t As for palaeogeographical and zoogeographical studies, widely distributed species cannot 
be of any very great help, only fishes normally living in fast currents of rocky streams have 
been taken into consideration. 
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PuYfirCAL FEATURES AND DESCRIPTION OP THE ArEAS SURVEYED 

(1) Structural features , — The Himalayas extend between latitudes 28° N. and 
36° N. and longitudes 72° E. and 96° E. This segment is a complete mountain 
rampart, convex U)ward8 the south, the orientation of its western extremity being 
generally N.VV. S.E. and that of eastern extremity being W.S.W.-E.N.E. The 
groat chain of Himalayas is 1,6(X) miles long and the total width varies between 
90 miles and 250 miles. Geologists believe that greater part of this vast tract was 
under the waters which was the eastern extension of the Mediterranean sea — the 
Tothys - from the end of the Carboniferous period to the end of the Eocene ♦. 

The Himalaya is the ‘Youngest, largest and highest chain of mountains in the 
world, a chain that is probably still growing in altitude’. On the Himalayan region, 
‘overfolding, faulting, thrusting, contortion and recumbency’ — all the accom- 
paniments and causes of mountain building — are to be observed and date mostly 
from Tertiary or later times. 

Himalayas <X)mpris<i a series of parallel mountain ranges — the Himalaya proper 
and the Zanskar, Ladakh and Kailas ranges. The Aling Kangri and the Karakoram 
ranges lie further north. 



The Himalayan region may be divided into four zones on t^e basis of its geology 
and geography (Pascoe, loc, cit,, p. 14). These are longitudinal zones parallel to 
their length — from north to south: (1) the Tibetan Himalaya, (2) the Great 
Himalaya, (3) the Lesser Himalaya and (4) the Sub-Himalaya f. The outer 


♦ Writing about the age of the Himalayas, Oldham observed that * the occurrence of marine 
nummulitio beds at a height of many thousand feet on the northern face of the main snowy 
range in Hundee, and at a height of 20,000 feet in Zanskar, shows that the elevation of this 
part of Himalayas must have t^en place entirely within the tertiary period*. Dr. Blanford 
also arrived at the same conclusion basing his arguments on geological cmd faunistio evidences 
(Pascoe, 1950). 

t Tlie three-fold division of the Himalayan system is also correct in which the Tibetim 
Himalaya is excluded. On this zone, f.e., the Tibetan Himalaya, only the influence of the 
Himalayan movements can be detected (vide Krishnan, 1943, p. 142). Stratigraphically and 
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belt of the foot-hills, known by different names in different seotions, as the Duars 
and the Siwaliks, is occupied by Tertiary sandstones and clays. The Great Hima- 
layan zone is a complex of crystalline rocks — igneous rocks, granite and pegmatites. 
The foot-hill zone is about 25 to 30 miles wide with an average height of about 

3.000 feet. The Lesser Himalayan zone, lying north of the foot-hill zone, has an 
average altitude of 10,000 feet and a width of 4() to 60 miles. The Great Himalayan 
zone consists of a great line of snow-clad peaks and the average height is about 

20.000 ft. 

From the geographer’s point of view, both altitude and longitude (west to east) 
are significant as differences in both altitude and longitude can be correlated with 
differences in geographical landscapes. Altitudinally, ‘temperate, but still ever- 
green forests’ with oak as the prevailing tree are to be found above 6,000 feet, this 
succeeding the tropical forest below 6,000 ft. ; coniferous forest dominates above 

9.000 ft. while near about 12,000 feet lie the alpine meadows. Longitudinally, the 
Himalayan zone ean be divided into the drier west and the humid oast. This west- 
east division is based on the differences in length and intensity of rainy season and 
natural vegetation. On the east are to be found dense jungles and humid forests 
with sal (Shorea robiista) while the west is characterised by ‘dry monsoon type of 
forest — xerophytic — with the dhak replacing the sal. The zone between 78® and 
82® longitudes is the transitional zone between the west and the east, but no detailed 
study of this zone has yet been carried out to draw the exact boundary between 
the two zones. 

Biologically the limits of the Himalayas are governed by climatological con- 
siderations. Rainfall, temperature, humidity, etc. are important factors governing 
the distribution of plant life, and the dispersal of animal life is dependent on that 
of the flora. Thus the hills of Assam, though geologically much older as representing 
a part of Peninsular India, are climatically very similar to the Eastern Himalayas 
and would thus faunistically be included as parts of the Himalayas for the purpose 
of this paper. 

In dealing with the distribution of fishes along the Himalayas some knowledge 
of the present-day watersheds is necessary as dispersal of torrential fishes can only 
take place if connections between watersheds take place at some period or another. 

(2) The Himalayan rivers and localities surveyed , — The Himalayan region is 
drained by two principal river systems: the Indus and the Ganges. The Ganges is 
connected with the Brahmaputra and the Meghna; hence the Ganges system maybe 
taken to include the rivers of Assam also. 

For descriptive purposes the Himalayan rivers can be divided into four groups. 
Burrard et al. (1933) have selected for the dividing lines of the Himalayan range the 
Tista, the Kali and the Sutlej. The rivers of the eastern section between Brahma- 
putra and Tista are grouped as the rivers of the Assam Himalayas, the next group 
between the Tista and the Kali, the Nepal Himalayas, the third between the Kali 
and Sutlej, the Kumaon and the last, west of the Sutlej, the Punjab Himalayan 
rivers. 

In this classification the Tista has been considered as one of the Assam rivers 
although it does not drain the Assam Himalayan region. The Brahmaputra is the 
greatest river of Assam and since the Tista flows into it, as do all the other Assam 
rivers, it has been included among the rivers of the Assam Himalayas. Zoo- 
geographical ly also the inclusion of Tista along with the Assam Himalayan rivers 
is sound as most of the Assam Himalayan forms, especially of the fish fauna, are 
found in the Tista drainage system. In the above classification, the Kali has been 
included with the rivers of the Kumaon Himalayas and the Sutlej with the Punjab. 

orographically the Tibetan Himalaya may bo included in the Himalayan group, but not geo- 
graphically, i.e., on the basis of climate, vegetation, altitude and human responses to environ- 
ment. 
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(a) The Brahmaputra and its tributaries , — The Brahmaputra and its tributaries 
drain the Houthem face of the Himalayan area between longitudes 88*^ and 96° E. 
Its imj)ortant tributaries from west to east are (1) the Tista, (2) the Raidak, 
(3) the Manas, (4) the Bhareli, (5) the Subansiri, (6) the Dibhang and (7) the 
Luhit, The Assam hill ranges south of the river Brahmaputra are drained by 
(1) the Kalang, (2) Dhansiri, (3) the Dikho and (4) the Burhi Dihing into the 
ijrahmaputra, while the area below Kairong (lat. 25° 20'), which is the main water 
parting of the Naga hills, is drained into the Irrawaddy through the Chindwdn 
(flora, 1921, pp. 170-171). 



Tkxt-fuj. 2. IikIox nuip of tho Himalayas showing the areas surveyed. 

Barely two centuries ago, tho Brahniaputra and the Ganges w'cre separate 
rivers, 150 miles apart. The Brahmaputra which now^ flows to the w^est of Dacca 
and the Madhupur jungle, then flowrul considerable distance to the east and joined 
the Meghua river east of Dacca (Krishnan, loc. cit., p. 25). This westward drift 
of the Brahmaputra during historic times is very remarkable and it is noteworthy 
that such a westward migration is indicated by the fish fauna of the Himalayas 
in tho case of all the other Himalayan rivers. 

In Text-figures 3 and 4 are showm the Assam Himalayan and the contiguous 
mount^iin ranges south of the Brahmaputra drained by the rivers mentioned above 
and the localities from where fish collections have so far been made (Chaudhuri 
1912; Hora, op. cit., 1921a, 1924, 1936; Hora and Mukerji, 1935, and Shaw and 
Shebbeare, 1937). 

(b) The Ganges and its tributaries . — The Ganges and its tributaries, the Kosi, 
the Baghmati, the Gandak, the Rapti, the Kamali (Gogra), the Kali (Sarada) and 
the Jumna drain the Himalayan area between longitudes 77° and 88° E. 

The Kosi (Text-fig. 6) drains the southern slopes of the Himalayas between 
65 32 and 88 E* This area was extensively surveyed by a party of the 




Text-fig. 3. Map of the hill-ranges of Assam showing Jthe localities in which the were 

collected. The stripes represent the area survey 5l. The area drained by the Ohindwin 
is marked by thick black line. 





YAffT'^ki 



TlfiXT-no. 4, Map of the Himalayan area drained by the Brahmaputra (indicated by thick black line) showing localities in which fishes were 

collected. The stripes represent the areas surveyed. 
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Zoological Survey of India in November, 1947, January-February, 1948 and April, 

1948 (Menon, 1949). tt- • 

The Kosi provides a typical example of the westward drift of the Himalayan 
rivers referred to earlier. It may be mentioned that in the early part of the 18th 
century, the Kosi flowed below the town of Purnea but it has gradually worked 
westwawls across 75 miles of the country as is evidenced by its deserted channels 
(Chibber, 1949, pp. 4-5). The large commercial town of Nathpur, from where 
Hamilton collecteti several species of fish from the Kosi river, was several miles to 
the west of the river even up to 1850 but it has not only been washed away but the 
site of its ruins now lies many miles to the east of the river. 



Tbxt-fio. 6. Map of the Himalayan area drained by the Kosi (indicated by thick bl^k Ime) 
showing localities in which the Hshes were collected. The stripes represent the areas 
survey^ . 


This westward movement of the Kosi is also very strongly marked in its fish 
fauna as it shows a very close affinity to that of the Tista river, Eastern Himalayas 
and the Assam hills (Menon, op. cit). This is suggestive of the fact th^ some of 
its earlier tributaries must have drained the region of the Darjeeling Himalayas 
and are now probably the feeder systems of the Tista river. 

To the west of Kosi, the next important Himalayan river is the Gandak wtucii 
di'ains the area between longitudes 83° 28^ and 86° 32 E. It rises from the central 


474 


A. O. K. MBNON: fish OBOORAPHY of the HIMALAYAS 


mountain basin of Nepal and flows southwards in a series of rapids, and finally 
leaves the mountain ranses at Tribeni, near Someswar hills, where it is joined by 
two of its major tributaries. On entering the plains, it flows for a short distance 
over a rocky l)ed betwtnjn high banks covered with thick forests. The places from 
wliere iish colle(;tion8 were made by a party of ofiicers of the Zoological Survey of 
Imlia in daniiury, 1»4!S, by the author in February-March, 1949, and also places 
surveyed and re('or(lefl in literature (Hora, l9;i7o) are shown in Text-fig. 6. The fish 
fauna (»f the Gandak also shows a strong affinity to that of the Assam Himalayas 
thereby indicating that at some time or other there must have been some sort of 
intermingling of the drainage systems of the Gandak and that of the rivers to the 
east of it. 



Tkxt-fio. 6 . Map of tho Himalayan area <lraiiio<i f)y tlio Boghmati and tho Gandak (indicated 
by tho thick black lino) allowing localities in which the fishes were collected. The stripes 
roproeent the areas survoyed. 


The Rapti, the Kamali and the Kali (Text-fig. 7) are the next three important 
tributaries of the Ganges, west of the Gandak. They drain the Himalayan area 
between longitudes 80° and 83° 40' E. The Rapti takes its origin in the lower 
ranges of the Himalayas in the Nepal territory and after flowing through Nepal 
for about a hundred miles enters the Bahraich district in U.P. It then flows in a 
sinuous course through the districts of Bahraich, Gonda, Basti and Gorakhpur, and 
finally joins the Go^a near the village Barhaj Bazar in Gorakhpur district. It 
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flows for the most part in a deep channel. Pish collections were made by the author 
at various places in February, 1940, camping at Gorakhpur in U.P. and Butwal and 
Nepalganj in the Nepal territory. The place.s of collect ion are marked in Text-fig. 7. 



Text-kio. 7. Map of the Himalaytm area drained by the liapti, Kamali and Kali (indicated 
by tliick lino) showing the localities in which fishes were collected. The stripes represent 
the areas surveyed. 

The Karnali has a trans- Himalayan source and drains the trans-Himalayan 
trough of about 200 miles in length, between Gurla Mandhata and Diji pass, by two 
affluents, one flowing E.S.E. and the other W.N.W. The main river after receiving 
waters from all its tributaries runs due south and branches into the Kauriala and 
the Girwa in the plains. Both these branches are rapid flowing violent rivers with 
beds strewn with big boulders. After a course of about 30 miles, these rivers re- 
unite near village Birthapur in Bahraich district in U.P. to form the Gogra. Collec- 
tions were made in the Girwa as well as the Kauriala at various localities by the 
author in March, 1949. 
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The Kali is formed by two main streams called the Mahakali and the Sarju 
Kali. The Mahakali originates in the high ridge that separates Almora and Nepal 
from 'l’il>et, the Sarju rises on the eastern side of the Nandakot peak and flows 
south-eastwards through Almora to the Mahakali at Rameshwar (Nevilli, 1905). 
The joint stream which is generally known as Kali flows southwards and finally 
loaves the mountain ranges near Tanakpur under the name of Sarda. Like the 
Kauriala and the Girwa, the Sarda also is a very rapid flowing, violent river with 
its bods strewn with big boulders brought down from higher reaches in the Himalayas. 
The fish collections from the Kali river were made by the author at Tanakpur at a 
place where the river leaves the hills and enters the plains. At the time of the 
visit by the author there were a large number of rocky pools in the beds of the river 
from where good collections of fish could be easily made after treating the water 
with bleaching-powder. The fish fauna of the Rapti, Karnali and Kali also indicates 
a close relationship of these drainage systems to that of the rivers in the Eastern 
H imalayas and further east. 



Tbxt-fio. 8. Map of tho Himalayan area drained by Ramganga, Ganges and Jumna (indicated 
by thick line) showing the localities in wliich fish were collected. The stripes represent 
the areas surveyed. 


The Ramganga. the Ganges and the Jumna (Text-fig. 8), the principal rivers 
of the Kumaon and Girhwal Himalayas, drain the Himalayan area between longi- 
tudes 78^ 35' and 80® E. The Ramganga is the smallest of these rivers draining 
the outer Himalayan range of Kumaon; its base is triangular in shape because the 
rivers on either side of it, the Ganges and the Kali have converged in all their 
brandies in order to pierce the outer ranges and thus leaving only a small inter- 
mediate area undrained. The principal affluents of the river are the Kosi, Nandhapur 
and Kalaunia. These tributaries of the Ramganga drain the whole of the Nainital 
and Almora districts in U.P. from where extensive collections were made by 
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Messrs, E. O. Shebbeare and M. P. Bhola (Hopa, 19376, pp. 338-48) and by the 
author in May •June, 1948 (Menon, 1949a). 

The name Ganges, regarded as a Himalayan river, is applied to the particular 
affluent that issues from the mountains at Hardwar. The two important Himalayan 
branches of the Ganges are the Alaknanda and the Bhagirathi. They drain the area 
lying between longitudes 78° and 80° E. The Alaknanda rises to the north of Badri- 
nath and flows south-west to Nandaprayag and thence turns west as far as Rudra- 
prayag where it receives one of its affluent, the Mandagiri. Prom the confluence 
of Mandagiri it turns south and flowing past Srinagar is joined by Bhagirathi at 
Deo-prayag to form the Ganges. 



Tfxt-fio. 9, Map of the Himalayan area drained by the Indus (areas drained by the various 
tributaries, the Sutlej, the Beas, the Ravi, the Chenab and the Jhelum being marked 
by thick lines) showing the localities in which fish were collected. The stripes represent 
the areas surveyed. 

The Alaknanda has an average breadth of about 36 to 40 yds., but at one place 
before its confluence with the Mandagiri it narrows down very much and rushes 
through a cut in the rocks which rise high up perpendicularly on either side (Walton, 
1910). Here the river flows with very great force over a bed of big boulders. Prom 
this point the river again broadens out and flows over a succession of long reaches 
between it and Deo-prayag with intervening short rapids. At Deo-prayag the 
river again narrows down to almost half its proper breadth before it is joined by 
Bhagirathi. A representative collection of fish from the headwaters of the Ganges, 
especially from the narrowed down portion of the Alaknanda above Srinagar, was 
made by Babu Gonur Singh, Collection Tender of the Zoological Survey of India. 
The localities firom where fish collections were either examined by the author or 
referred to earlier in literature are marked in Text-fig. 8. 
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The Jumna takes its origin in the south-western slopes of Bandarpunch which 
is the main watershed between Ganges and Jumna. Behind the Mussoorie hills, 
the Jumna is joined by its tributary, the Tons, which drains the area between 
Bandarpunch and Chor peak. It then pierces the Mussoorie range and a little 
further down i.s jointHl by the Giri river which drains the area between Simla and 
the Chor peak. The Jumna drains the Himalayan area between longitudes 35' 
and 78"^ 35' K. from where extensive collections of fish were made by Hora and 
Mukerji in 1935 (Hora and Mukerji, 1936). 

The Jumna is said to have flowed westwards from Karnal straight to sea in 
former days. In course of time, it took a more and more easterly course and 
ultimately merged into the Ganges at Prayag (Krishnan, loc, cit., p. 25). 

(c) The Indm and its irilnUaries. —The Indus and its tributaries drain the 
westernmost part of the Himalayas between longitudes 12"' and 77° 35' E. The 
Jhelum, (Tienab, Ravi, Ueas and Sutlej are the five great tributaries of the Indus; 
they take their origin in the Himalayas and after traversing the Punjab unite to 
form the Pftnjnad and falls into the Indus. Extensive collections of fish from the 
Punjab Himalayas were made at different times by the members of the Zoological 
Survey of India and tlio localities from where they were made are showm in Text- 
fig. 9. 

The east-wcNst movement of the Himalayan rivers referred to earlier is evident 
in the Ihinjab riv(^rs also. There is evidence to show that during historic times, 
the Sutlej flowed tlirough Rajputana into the sea independently of the Indus. In 
fact it was only during the llth century that the Sutlej became confluent with the 
Beas and (lowed the latler^s channel deserting its own (Wadia, 1938, p. 391). All 
the other rivovn also have n^peattidly shifted their channels. The Chenab and the 
Jhelum j<Mned the Indus at Uch in the IGth century; now the confluence is at 
Mithankot. 60 miles down-str(‘ain. Multan was then situated on the Ravi, but now' 
it is 36 miles to the oast of its (combined waters with the Chenab. Likewise, there 
is also evidenee to show that the Indus flowed more than 80 miles to the ('ast of its 
preHcu\t course into the Rann of Cut.ch wliieh was then the gulf of the Arabian Sea 
(Wadia, op. cU.). 


Evolution and DIvSthibution ok Torrential Fishks of the Himalayas 

With the exception of the nunains of a Sehizothoraeine fish, Schizothorax or 
Oremns^ described by Hora (1937c) from ( lie Karew as of Kashmir, no other torrential 
fish is known in a fossil state from the Himalayas, though forms like Silums and 
Bagarius, which live in sonu’what deeper, clearer and cold waters at the bases of 
hills are knowm from the UpiKw Siwalik rocks (Hora and Menon, 1953). The 
Karewas of Kashmir are believed to be the Second Interglacial period, which lasted 
from approximately 44(hO(K) to 25t),(K)0 years ago. It would thus appear that the 
typical torrential fauna of tlie Himalaviis is not older than the Pleistocene. In this 
connection it is interesting tc» point out that one of the major upheavals of the 
Himalayas took place at the end of Pliocene or at the beginning of the Pleistocene 
(Krishnan, 1952, p. 46). This and the subsequent orogenic movements w’ould seem 
to have been responsible for the evolution of the typical Himalayan fauna during 
the various stagi s according to the location and intensity of those movements. 

Hora (1954) has explained that the evolution of the Schizothoracinae probably 
occurred during the First Interglacial period when, with the melting of the snow, 
turbulent streams must have been formed in Central Asia necessitating the reduction 
of scales characteristic of the Schizothoracinae. Since primitive forms of the sub- 
family occur today in South China (Hora, op, a<.), it is presumed that they originated 
there probably during the First Interglacial period. During the favourable ecolo- 
gical conditions of the Second Glacial period and east-w^est (kainage they migrated 
westw^ards as far as Kashmir or even Seistan. The great proliferation of genera 
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and species of the Schizothoracinae probiibly occurred during the Seoond and 
subsequent Interglacial periods. Today the Schizothoracine iishes are mainly Centra] 
Asiatic in distribution though a few species are also known along the southern face 
of the Himalayas. One genus Lepidopygo^)is Riij has oven gone as far afield as 
Peninsular India over the Assam Hills and Satpura trend of mountains (Silas, loc, 
cit.i p. 445). Since several Himalayan rivers have Tn^ns -Himalayan sources, it is 
reasonable to presume that along those channels the Schizothoracine fishes may 
have come down to the Himalayan rivers and have now become distributed along 
the southern face (Hora, loc. cit., p. 244). 

From the earlier accounts {op. cit.) and also from my own extensive field-work 
along the foot of the Himalayas, I have been able to make out the following table 
(Table I) showing the distribution of torrential fishes in the various drainage systems 
of the Himalayas. 

The most important and striking fact that is evident from the table (Table I) 
is the occurrence of a great variety of forms towards the east as compared with the 
west. In the Brahmaputra drainage system, for instance, forms like Aborichihtjay 
Acanthophthalmus , BcUasio, Chaca, Conia, ErethisUndes, Exostoma and Olyra are 
present, whereas none of these genera extend along the Himalayas beyond the limits 
of the Brahmaputra System. LissocheAlna and Psendecheneis extend up to the Kosi 
drainage, wliile Balitora, Euchiloglanis, Myersghi7iis^ Semijilotus and Somileptes 
extend further as far as the Gandak system of drainage. Laguvia extends still 
further west to the JKali river, while the range of Psilorhynch'us is up to the Jumna. 
Of the remaining twelve genera, eleven, namely Amblyceps^ BagarinSy Botiay OagatOy 
Garra^ GhjptothoraXy Nemachilus, OreinvSy Sclrizothorax, Sisor and Tor^ are distributed 
along the entire length of the Himalayas and in the case of Garray GlypiothoraXy 
Nemachilus OreinuSy SchizothoraXy Tor and Silurus even beyond the Himalayas. 
Wliile several forms of the Brahmaputra drainage and the Assam Hills do not occur 
in tlie western Himalayas, these very same genera or some closely allied forms are 
found in Burma, Southern China, Siam, the Malay Peninsula, the Archiptdago and 
Indo-China on the one hand and the hills of Peninsular India on the other. It is 
very remarkable that the specialised forms of the Assam Hills and the Brahmaputra 
drainage, inst/cad of spreading along the present-day ecologically and geomorpho- 
logically continuous Himalayan range towards the west, became deflected towards 
the south-west. The following chart of distribution (Table II) showing the relation- 
ships of the fish-fauna of the Himalayas with the neighbouring countries and the 
rest of the subcontinent of India will be helpful in bringing out this interesting 
zoogeographical point. 

Of the 29 genera, Oarra, Nemachilus and Tor are common to the countries to- 
wards the east as well as Africa in the west. AborichthySy Contay Myersglanis and 
Somileptes are endemic to the Eastern Himalayas. The remaining 22 genera are 
common to the Himalayas and the countries towards east and south-east. It has 

already been indicated that this fauna is again represented in the Western Ghats 
and the Satpura trend of mountains. Thus, the close relationship of the Himalayan 
fish-fauna to the South-East Asian and the Malay Archipelago can be clearly seen. 
Taking the endemic forms, the genera to which they belong are only those closely 
allied to South-East Asian forms (Hora, op. cit.). These facts prove that the Hima- 
layas had undoubtedly derived its fish-fauna from the east, most probably from the 
Yunnan area (Hora, 1948, p. 306) and had spread to the west as far as Africa as and 
when the ecological conditions favoured their dispersal. 

Paotoks govbbnino dispersal of torrential pishes 

The torrential fishes enumerated in Table II can be divided into six groups 
according to their habitats and consequently the degree of development of their 
adaptive characters for torrential environment. 
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73. Qlyptoihorax annandcUei 

Hora . . 

74. Olyptothorax botia 

(Ham.) 

76. Olyptothorax cavia 
(Ham.) 

76. Olyptothorax conirostris 

(Steind) 

77. Olyptothorax platypo- 

gonoides (Blkr.) 

78. Olyptothorax gracilis 

(Gunther) 

79. Olyptothorax horai 

Shaw and Shebb. . . 

80. Olyptothorax lineatus 

(Day) .. 

81. Olyptothorax minuius 

Hora 

82. Olyptothorax pectinop- 

terus (Ham.) 

83. Olyptothorax striatus 

McClell. 

84. Olyptothorax stoliczkae 

(Steind) 

85. Olyptothorax telchitta 

(Ham.) 

86 . Layuvia Hbtroi Hora 

87. Lag%tnjia shawi Hora . . 

88 . Myersglanis hlythi (Day) 

89. Pseudecheneis stUccUus 

McOeU. 











91. Chaca chaca (Horn.) . 
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Subfamily Cyphimnae 

1 . Oarra 

2. Lissocheilus 

3. Semiplotus 

4. Tor 

Subfamily Schizothoracinae 

5. Oreinus 

6. Schizoihorax 

Family PSILORHYNCHIDAE 

7. PsUorhynchus 

Family HOMALOPTERIDAE 

8. Balitora 

Family COBITIDAE 

9. Aborichthys 
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1. BoHa 

2. Nemachilus 

3. Somileptea . . 
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It may, however, be understood that though according to similarities of habitat 
certain genera of fishes are put under a particular group, it need not necessarily 
mean that they all have a uniform distribution along the Himalayas. The distri- 
bution is governed both by their habitat conditions as well as their period of evolu- 
tion. For instance, Silurus and Bagarius, though placed under the same group, 
have different evolutionary history and hence their range of distribution today 
along the Himalayas differs very much. Silurus is a very old fish with fossil re- 
presentatives in the Eocene beds of Europe. It is distributed in Europe, northern 
Asia, the northern portion of South-East Asia, Burma, Thailand and Malaya. 
BanujiuA, on the other hand, is restricted in its distribution to South-East Asia and 
its fossils are known from the Siwalik beds of India and the Tertiary beds of the 
highlands of Peflong in Sumatra. Along the Himalayas Silurus is today known 
only from the Brahmaputra drainage, whereas Bagarius is seen all along the base 
of it. 

It would appe^ar from the distribution iii time and space of Silurus that it had 
originated in Europe during the Eocene epoch and spread south and south-east 
and during the Pliocene colonised the Siwalik fore-deep of the Himalayas where it 
perished subsequently. On the other hand, Bagarius had originated somewhere 
in South-East Asia during tfie Tertiary period and began spreading along the Hima- 
layas during the Pliocene epoch {vide infra, p. 489). Though its fossils are known 
from the Siwalik rocks of the Himalayas, the present-day distribution of Bagarius 
does not, however, indicate that the genus had entirely perished along the Himalayas 
then. 

Again, the highly specialised genera of torrential fishes placed imder Group VI 
below are distributed only along the Eastern Himalayas and do not extend west- 
wards. This patb'rn of distribution can be attributed to the fact that their spread 
along the Himalayas was made possible only at a very late period and suflBcient 
time liad not probably lapsed for their colonisation of the whole of the Himalayan 
region infra, p, 490). 

Group I 

This group consists of fishes which live in somewhat shallow, clear and cold 
waUTs at the base of hills and have, therefore, scarcely any striking adaptive 
characters. The genera coming under this group are: (1) Silurus, (2) Bagarius, 
(3) Batasio, (4) GagaUi and (5) Chnea. 

Group II 

The following group consists of fishes living at the bottom of deep swift waters. 
The members of this group are cylindrical in form and possess a powerful muscular 
body. They are: (1) Oreinns, (2) Schizothorax, (3) Tor, (4) Lissocheilus and (5) 
Semiplotus. 

Group III 

Group III consists of fishes which are modified for a burrowing habit. They 
bury themselves in sand among pebbles and stones and thereby escape from the 
force of rushing water. They are : Psihrkynchus and Sisor, 

Group IV 

Fishes which live among pebbles and shingles at the bottom of shallow waters 
are grouped here ; these fishes have to contend with a considerably less force of 
rushing water and, therefore, do not have any specially modified apparatus for 
adhesion, but are elongated and loach-like in form. They are: (1) Amblyceps, 
(2) Nermchilus, (3) Somileptes, (4) Aborichthys, (6) Acanthophtlialfnus, (6) Olyra, 
(7) Conia and (8) Botia, 
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Group V 

This group consists of fishes which cling to exposed surface of bare rocks in 
comparatively slower waters. Since they have to bear a greater force of rushing 
water than the fishes in the preceding group, they have developed discs formed by 
the modification of the skin on the ventral surface by means of which they adhere 
to rocks. The fishes grouped here are: (1) Qlyptothorax, (2) iMguvia and (3) Gnrra, 


Group VI 

Group VI consists of fishes which cling to exposed surface of bore rocks in 
swift waters. They have to bear the greatest force of rushing water than the tislies 
of the preceding group and hence they are very highly modified; in some the whole 
body is modified into a limpet-shape which helps the fish to adhere to stones in the 
rushing torrents, while others have developed adJiesive discs (Hora, 1930, pp. 231-33). 
In these forms the mouth parts, the gills and the fins have all been modified in 
correlation with their habitat (Hora, 1947, p. 4). The genera coming under this 
group are: (1) Balitora, (2) Erethistoides, (3) PseudeckeneiSy (4) Euchiloglanis, 
(5) Myersglanis and (6) Exostonm, 

It will thus be seen from the above grouping of the Himalayan fishes that 
their migration would depend not only on the presence of continuous water courses, 
but also on the presence of their characteristic habitat conditions. It will now bo 
possible to explain the distribution of torrential fishes along the Himalayas on 
certain palaeogeographical considerations. 

Palabogeography of the Himalayas as evidbncbd by the distribution 

OF FISHES 

From stratigraphical and palaeontological evidences we know that from the 
Middle Eocene period an arm of the sea transgressed the Assam-Eastern Himalayan 
region and thus separated India from Burma (Hora, 1953; Menon, 1953). This 
condition seems to have lasted probably till the late Miocene period. The upheaval 
of the Himalayas during the Middle or Upper Miocene periods which is thought to 
have been the most violent of the movements (Krishnan, 1952, p. 45), probably 
made this arm of the sea recede southwards leaving at its head marshy conditions 
that allowed the invasion of the newly formed northern lands by those Chinese 
fishes capable of tolerating slightly brackish waters. The fossil records of Cktrias 
and Heterobranchus from the early Pliocene deposits of the Siwalik support this 
view. Gradually with the rise of the Himalayas the marshy gap seems to have 
been replaced by low east- westward hills enabling such forms which normally live 
in somewhat deeper, clearer and colder waters at the base of hills to migrate from 
the east along the young Himalayas. Palaeontological records support this view, 
for fishes like Bagarius and Silurus are known from the later Siwalik beds of the 
Himalayas. Between the migration of the marsh-loving fauna during the early 
Pliocene and the hill-stream fauna during the late Pliocene, we have fossil records 
from the Siwalik beds of Rita and ChrysicJUhys which are pond-dwelling fishes capable 
of withstanding certain amount of salinity and foulness of water. 

The Pleistocene orogenio movements of the Himalayas are stated by Geologists 
to have been of very great intensity and, as pointed out earlier, these intensive 
orogenic movements appear to have caused the evolution of the highly specialised 
torrential fishes in South-East Asia. But from the present-day distribution of 
torrential fishes along the Himalayas, it is evident that they did not spread west- 
wards along the Himalayas till very recent times. It can be very reasonably 
inferred from this that the establishment of torrential ecological conditions in the 
region of the gap referred to earlier probably took place only recently, geologically 
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speaking. Till then most of the monsoon winds probably crossed over to the 
(ventral Asian region through this gap. According to Dr. S. K. Banerji, Retired 
Director Ajfiieral of Meteon)logy of the Government of India, the ‘south-west 
monsoon in its firesent form apparently commenced to be established at the close 
of the wiinn glaciation, that is about 20, (XM) years ago’ (Hora, loc. cit., p. 96). This 
mean.H tliat the major upheaval of the Himalayas during the Pleistocene of Sub- 
Recent period (Krislman, op. cit.) probably raised the low hills in the gap region 
higii enough to ob.struct the south-westerly winds and to produce torrential ecological 
(!onditions ther(*. Consequently, the highly specialised torrential fishes would have 
Ihhui (‘nabh?<l to spread over gap portion of the Himalayas only during the Sub- 
rUicent [)eriods, probably roundabout 20, (XK) years ago. 



Tkxt-kk}. in. Di.stributioii of Itinil and soh in tho Hongal, Aasam and Burma regions during 
the Kooene, Miot ene uiid Flioeeno perio<ls (modified from Dr. M. S. Krishnan, Bull. NcU. 
fnM. Set. India, 1 , pjj. 1952). 


PrOBAULK SEQITKNCE OF MIGRATION ALONG THB HIMALAYAS 

I have already p<iint(Hl out that Oreinm, Schizotliorax , Bagarius and Silurus 
had spread ahuig the Himalayas earlier than the final upheaval of the Himalayas 
during the late Pleistocene times. Nemachilus, Garra, Tor and Glyptothorax also 
appear to have migrated along the Himalayas at a much earlier period than the 
other more specialised torrential fishes. It has been pointed out earlier that Oarra 
and Glyptothorax generally live on exposed surface of bare rocks, Nemachilus among 
pebbles and shingle at the bottom of shallow waters and Tor at the bottom of swift, 
deeper waters. None of tliese show the highly specialised torrential adaptations 
characteristic of forms like Balitora and Pseudech^neia. From the ecological and 
distributional points of view, therefore, it can be safely concluded that these forms 
would have spread along the Himalayas, earlier than the upheaval of the Himalayas 
during the late Pleistocene when probably only low hills may have stretched in the 
region of the gap referred to earlier. This is ^ther strengthened by the fact that 
Balitora and other Homalopterid fishes have migrated to Peninsular India and not to 
the Western Himalayas. This means that torrential ecological conditions existed 
over the Garo-Bajma^al gap area during the Pleistocene pluvial periods enabling the 
highly specialised torrential fishes to cross over to the Peninsula. It would further 
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appear from this that the monsoon-bearing winds at first struck the Garo-Rajmahal 
region during the pluvial periods of the Pleistocene when the sea-level fell by a few 
hundreds of feet and created torrential conditions there. From there as the winds 
rose up it would have probably passed through the gap to the Central Asian region^ 
the mountain ranges in the gap area being too low to obstruct the monsoonic winds 
then and to make the Eastern Himalayas the recipient of heavy rainfall as at the 
present day. 

Further, Qarra, Nemachilns and Tor have great habitat tolerance having been 
found to live in mountainous lakes (Hora, 1921?>, 1936a). It is, therefore, likely 
that Oarra, Tor and Neniachilu^ had spread along the Himalayas and even further 
westwards as far as Africa during the early Pleistocene. During the pluvial periods 
of the Pleistocene when there was an uninterrupted greater How of water in the 
streams at the base of the Himalayas these forms probably got dispersed. Olypto- 
thorax had also probably spread likewise along the Himalayas during the early 
Pleistocene period for its present-day range extends as far as Syria. It could not 
extend its range as far as Africa owing to the fact that it is more specialised for 
tonential waters and has not so far been recorded from lakes, i)ools or other sluggish 
waters in the hills. 

Silas (op. cit.) has shown that forms like Botia, Gagata and Baimio may have 
migrated south-westwards during the Second Glacial period of the Pleistocene. From 
a consideration of their habitat and range ol distribution along the Himalayas, it 
would appear that the migration of these forms along the Himalayas may also have 
taken place during the Second Glacial period of the Pleistocene. Silas has aLso shown 
that Balitora may have spread south-westwards during the early ‘Post-TilC period, 
i.e. probably during the Third Glacial period. Taking into consideratiem the ecological 
requirements of Balitora and its present-day range along the Himalayas, it can be 
concluded that the spread of Balitora along the Himalayas may have commenced 
only subsequent to the Sub-Recent upheaval of the Himalayas. Amblyceps^ 
haguvia, ErethistoidctS , Psilorhyuchus and Hisor may have spread south-westwards 
during the last Glacial period of the Pleistocene (Silas, op. ctt.). Along the Hima- 
layas, however, they seem to have spread only during the Holocene Glacial period 
by which time the Himalayas would have sprung up to over 10,000 feet in the region 
of the gap referred to earlier and the south-west monsoon, as we know them in India 
today, had become established. All the other forms that are today found along 
the Himalayas should be considered to have either evolved in the Eastern Himalayas, 
or spread over there from the east during the last 10,000 years by which time the 
Holocene Glaciation ended and the Garo-Rajmahal gap became a barrier against 
their spread south-westwards. 

Summary 

A brief sketch of the physical features of the Himalayas, particularly the river system with 
special emphasis on the general drift of the rivers towards the west is given and the areas from 
where fish collections were either made by the author, or referred to in literature are indicated. 
Evolution and distribution of torrential fishes of the Himalayas are then discussed. With the 
exception of the remains of a Schizothoracine fish from the Kerewfw of Kashmir (2nd inter- 
glacial period of the Pleistocene), no other torrential fish is known in a fossil state from the 
Himalayas indicating that the typical torrential fauna of the Himalayas is not older than the 
Pleistocene. The major upheaval of the Himalayas during the early Pleistocene period and 
the subsequent erogenic movements seem to have been responsible for the evolution of the 
typical Himalayan faima during the various stages according to the location and intensity of 
the movements. Ninety -two species of torrential fishes found in the Himalayan rivers are 
tabulated according to their occurrence, or otherwise in the various drainage systems and the 
zoogeographical significance of the distribution of the various genera is then fully analy^. 
From such a critical analysis of the distribution of the torrential fishes it has been concluded 
that the Himalayas had derived its fauna from the east and that this fauna had moved westwards 
as far as Africa as and when ecological conditions favoured their dispersal. 

The ecological feictors governing the distribution of torrential fishes are then discussed. 
The torrential fish fauna of the Himalayas is divided into six groups according to their habitato 
and it has been pointed out that the range of distribution along the Himalayas of a fish is 
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depeculeni not only on its habitat, but also on the time of its evolution. Finally, the distribution 
of torrential fishes along the Himalayas is explained on certain palaeogeographical considerations. 

During the Eocene-Miocene periorl an arm of the sea transgrea^ the Assam-Eastern 
Himalayan region and this separated India from Burma. The upper Miocene upheaval of the 
Himalayas ma<le the arm of the sea recede southwards which enabled the marsh-loving forms 
to spreml along the Himalayas. With the gradual rise of the Himalayas during the Pliocene 
this gap He<>rnH to hav^e been replaced by low east-westward hills enabling the clear water forms 
to Hpnnid along the Himalayas. Thus during the Pliocene period forms like Bagarius and 
Silurus migrated along the Himalayas. Even fishes like NemachiluSy Tory Oarra €md Qlypto- 
thorax appear to have migraUKl along the Himalayas during the early Pleistocene period. But 
the typical torrential fishes like Balitora and Pneudecheneis did not spread along the Himalayas 
till the major upVieaval of the Himalayas during the Pleistocene of Sub-Recent period. This 
upluwival Mecms to have raised the low hills in the gap high enough to obstruct the monsoon 
winds and to produce toiTontial e<'ologic^l conditions there. The spread of the torrential fishes 
along the Himalayas is, therefore, date<l as subsequent to the late Pleistocene or Sub-Recent 
jx>riod . 

The probable sequence of migration of torrential fishes along the Himalayas is also dealt 
with in the hvat section. 
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EMBRYOLOGICAL STUDIES IN MENISPERMACEAE 
I. Tiliacora racemosa Coleb, 
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Introduction 

MenisfX'rmaceac, a large family comprising 65 genera and 350 species (Willis, 
1948), distributed throughout the warmer parts of tlie world, is one of the embryo- 
logically little-investigated families of Ranales. Hooker (1897) divided the family 
into four trib(*s: Tin<)8{X)reiie, Cocculeae, Cissampt lideae and Pachygoneae. Our 
knowledge of the embryology of the family is limited to an account of the develop- 
ment of the jK)il(;n and embryo sac in Cocculus villosus DC and Tinospora cordifolia 
Miers. (Joshi and Kao, 1935; Joshi, 1937, 1939) belonging to the tribes Cocculeae 
and Tinosporeae respectiv(‘ly. The anther ta{X‘tum in these plants is of secretory 
type and of sporogeuous origin according to Joshi and Rao (1935). The ovule in 
Cocculus is bit<*gmic but in Tinospora it is unitegmie and Joshi (1939) considers that 
it represents two integuments. A nueellar cap is developed at the micnipylar end 
owing to periclinal divisions of the nueellar epidermis. The embryo sac conforms 
to the Polygonum type. Then^ is practically no information on fertilization, 
endosperm, embryo and seed development in any rncunber of the family. 

The present pa[H‘r deals with the embryology of Tiliacora racemosa Coleb., a 
woody climbing shrub with glabrous leaves, small yellow flowers and reddish fruits, 
belonging to the tribi‘ Cocculeae, The plant occurs throughout tropical India. 

Material and Methods 

The material was collected at Yanam and Waltair and fixed in formaUn-acetic- 
alcohol. Customary methods of deliydration and embedding were employed. 
Sections were cut from 6-10 p in thickness and stained in Delafield's haematoxylin 
and safranin and fast green. 

Microsporogenesis 

The anthers are totralocular. The primary archesporium consists of a row of 
hypoderraal cells. A periclinal division gives rise to an outer layer of primary 
parietal cells and an inner layer of primary sporogenous cells (Fig. 1). The wall of the 
fully developed anther is five-layered, including the epidermis. The innermost 
layer is the tapedum which is of the secretory type. Each cell of the tapetum is 
two nucleate (Fig. 2). The tapetum is biseriate at certain places. The subepidermal 
wall layer develops into the fibrous endothecium wliich is organized only after the 
pollen grains are fully formed (Fig. 3). The middle layers become crushed and 
gradually degenerate in the mature anther. The tapetum is also absorbed as the 
pollen grains mature. 

The primary sporogenous cells undergo mitotic divisions and form a small mass 
of spore mother cells. All the spore mother cells undergo meiotic divisions and 
give rise to microspore tetrads. No degeneration of spore mother cells such as 
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recoded by Joshi and Rao (1935) in Cocculus and Tinoapora has been observed, 
Dlivisions of the pollen mother cells are of the simultaneous t 5 rpe and cytokinesis 
takes place by furrowing (Pigs. 4 and 6), as in Cocculus and Tinoapora, During tlie 
division of the spore mother cells the c 3 ^opla 8 m shrinks from the walls resulting in 
the formation of a space in the peripheral region of the mother cell (Figs. 4 and 6). 
The tetrads are tetrahedral or isobilateral (Figs. 6 and 7). The pollen grains are 
shed at the two-celled stage (Fig. 8). The mature pollen grains are filled with 
starch grains. The exine shows three germ pores and bar- like thickenings which 
give a reticulate appearance in the surface view of the pollen grain. The mature 
pollen grains are small in size and measure about 10 p in diameter. 



Text-fig. 1 

Figs. 1-8: Fig. 1. L.s. portion of anther lobe showing primary archosporium. Most of the 
cells have divided poriclinally, cuting off the parietal colls (x582). Fig. 2. T.«. portion 
of anther lobe showing divisions in the spore mother colls (x872). Fig. 3. T.s. mature 
anther wall showing fibrous endotheciurn and remnants of the middle layers and tapetom 
(X582). Figs. 4 and 6. Division in the pollen mother cells showing furrowing {x872). 
Figs. 6 and 7. Microspore tetrads (x872). Fig. 8. Mature two-colled pollen grain 
( X 1424). 


The Ovule 

The gynaeciura usually consists of nine free carpels arranged spirally on the 
receptacle. The spiral arrangement is brought out in serial microtome sections of 
a flower (Figs. 9 and 10) in which the different carpels are seen to arise at different 
levels from the receptacle. Each carpel has two ovules borne on a marginal placenta. 
In Cocculus there are only four carpels of which one degenerates early. In Tinoapora 
there may rarely be up to six carpels of which one degenerates early. J()shi (1937) 
is of the opinion that the gyiiaecium of Menispermaceae might have arisen from an 
ancestral condition wdth numerous spirally arranged carpels. On the basis of this 
view the g 3 maecium of Tiliacora seems to be less evolved than that of Cocculus and 
Tinoapora, In Tiliacora, as in Cocculus and Tinoapora (Joshi, 1937 and 1939), 
only the upper ovule reaches maturity while the lower one degenerates early (Fig. 11). 
Usually this happens at the megaspore mother cell stage but very rarely develop- 
ment proceed to the eight nucleate embryo sac stage. In the degenerating 
ovule the integuments develop rather feebly although the nucellus may become 
massive. In the course of development, the upper ovule becomes curved upwards 
and the lower downwards (Fig. 11), as in Coccidua (Joshi, 1937). The two ovules 
continue to grow straight in the early stages till they touch the carpel walls. Joshi 
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expn^d the view that due to the pressure exerted by the opposing carpel walls 
at this stage the ovules change the direction of their growth and the upper becomes 
bent upwards and the lower downwards. The fact that the ovules become flattened 
at this stage furnishes a proof for this view. A similar condition is also seen in 
Tiliacora as suggested by the flattening of the ovule. The ovule is bitegmic and 
crassinucellate. It is curved but the curvature does not affect the embryo sac till 
the eight nucleate embryo sac stage. After fertilization, however, the curvature 
extends also to the embryo sac. Thus according to Maheshwari’s (1950) definition, 
the ovul(‘ is campylotropous in the early stages and becomes amphitropous after 



Tbxt-fio. II 

9-20: Figs, 9 10, T.8. flower showing serial microtome sections of gynaecinm to 

illustrate the spiral arrangement of carpels (x25). Figs. 11. L.8. carpel showing upper 
functional ovule and lower degenerated ovule (x3r>). Fig. 12. L.s. ovule primordium 
showmg suigle celled archesporium (x48.^). Fig. 13. L.s. ovule showing parietal cell cut 
off by the arohesporial cell and periolinally divided nucellar epidermis (x339). Fig. 14. 
L.8. nucellus showing megaspore mother cell ( x 291). Pig. 15. L.s. nucellus showing linear 
tetrad of megaspor^ ( x 339). Fig. 16, A fully developed embryo sac; one of the antipodal 
nuclei has 3 nucleoli (x291). Fig. 17. Fgg -apparatus showing synergids devoid of hooks 
( X 485), Fig, 18. L.8. ovule showing growth of the inner integument in the ^micropylar 
region and first division of the megeispore mother cell ( x 215), Fig. 19, L.s. ovule showing 
growth of the inner integument m the micropylar region and two nucleate embryo sao 
X 215). Pig. 20. l. 8. ovule showing advanced stage in the outgrowth of the inner integu- 
ment and functional megaspore ( x 50). 
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fertilization. The micropyle is straight. The inner integument is two oells thick 
to start with and the outer several oells thick. A little later in the development 
of the ovule the inner integument becomes many cells thick at the mioropylar 
region (Figs. 18, 19, 20 and 21), as will be described later. There is a small air 
space between the inner integument and the nucellus in the mioropylar region (Pigs. 
19, 20 and 21). In the early stages the integuments are closely pressed against 
each other and also against the nucellus. In Coccuhis both the integuments are two 
to three cells thick and in the mature ovule the inner becomes many layered in the 
mioropylar region. There is an air space betw^een the inner integument and the 
nucellus in the micropylar region. In Tinospora the single integument is as thick 
as both the integuments of Cocculus put together. The closely appressed condition 
of the integuments of Tiliacora lends support to Joshi’s (1939) view that the single 
integument of Tinospora might have arisen from a two-integiunent condition. 


Megasporogenesis and Embryo Sac 

The single hypodermal archesporial cell makes its appearance before the in- 
teguments are differentiated in the young ovule (Fig. 12). It undergoes a periclinal 
division to form an outer primary parietal cell and an inner megaspore mother cell 
(Fig. 13). The primary parietal cell, by a series of anticlinal and periclinal divisions, 
gives rise to 3-4 layers of parietal tissue. The nucellar epidermis undergoes a 
periclinal division and becomes two-layered in the apical region (Fig. 13). In 
Cocculus the nucellus has an epidermal cap of 2-4 layers thickness (Joshi, 1937). 
In Tiliacora the megaspore mother cell becomes elongated and it^ nucleus lies 
towards the micropylar end (Fig, 14). It then undergoes two mciotic divisions and 
gives rise to a linear tetrad (Fig. 15). The chalazal megaspore functions, and 
forms an embryo sac of the Polygonum type (Fig. 16), while the rest of the three 
raegaspores degenerate (Fig. 20). The egg apparatus is small relative to the size 
of the embryo sac. The antipodals are ephemeral and some show two to three 
nucleoli (Fig. 16). In Cocculus and Tinospora the antipodals are pt'Tsistcnt and the 
synergids have small hooks; in Tinospora the synergids may sometimes show an 
egg-like appearance. In Tiliacora the nuclei in the synergids are towards the 
micropylar end and numerous small vacuoles are found at the lower end ; hooks arc 
absent (Fig, 17). In the egg the nucleus lies towards the lower end while there is a 
large vacuole at the micropylar end. The two polar nuclei fuse near the middle 
of the embryo sac. In the full grown ovule the parietal tissue is composed of five 
to six layers of which the outer two are epidermal derivatives. 


Fertilization 

The short style is solid and is provided with transmitting tissue consisting of 
two layers of richly protoplasmic cells formed by the inner epidermis of the adjoining 
carpellary margins. The pollen grains germinate on the stigmatic surface which is 
situated on one side of the style. The pollen tube makes its way through the 
transmitting tissue in an intercellular manner. Fertilization is porogamous. 

As mentioned before the inner integument is at first only two-layered. Some 
of its cells in the ^micropylar region begin to divide in various planes by the time 
the megasi)ore mother cell undergoes the first division (Fig. 18). The divisions 
continue to take place (Figs. 19 and 20), until about the time of fertilization, and 
result in the formation of a filamentous structure which projects towards the base 
of the style (Fig. 21). The divisions of the integumentary cells do not take place 
at the same rate in all the ovules. In one ovule the protrusion of the integument 
was already far advanced at the uninucleate embryo sac stage (Fig. 20) while in 
another ovule it was still in the initial st&ges even at the two nucleate embryo sae 
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stage (Fig. 19). Its cells are flared up, irregular in shape and filled with rich proto- 
plasmic contents. It is suggested that this protrusion of the inner integument 
serves as an obturator although the passage of the pollen tube through this structure 
has not been observed. 

Several kinds of obturators differing in their morphology have been described 
in plants belonging to diverse families. They include outgrowths from the placenta, 
from the biwjo of the stylar canal or even from the integument (Maheshwari, 1960). 
Fagerlind (1944) described in Myriocarpa and Leukosyke the development of an 
obturator from the imier integument. The structure described in Tiliacora resembles 
the integumentary obturator of Myriocarpa although it is not so extensive. To the 
writer’s knowledge the presence of such a structure has not so far been reported in 
any member of the Ranalos. 

Triple fusion takes place much earlier than syngamy. The secondary endosperm 
nuchms is large in size with a big nucleolus. 

Endospsbm 

The endosperm primordium divides earlier than the fertilized egg. By the 
time the zygote undergoes the first division there are already 10-12 endosperm nuclei 
in the embryo sac (Fig. 22). The endosj[)erm remains nuclear till a late stage. 
Some of th(^ endos|H‘rm nuchu show 2-3 nucleoli. At first the endosperm nuclei lie 
along the pi^riphcry of the embryo sac leaving a central vacuole but as they increase 
in number they occupy the entire space of the embryo sac. Wall formation com- 
mences at the micro pylar ond at about the time the embryo becomes globular 
(Fig. 23). In certain m(‘ml)ers of the related families like Magnoliaceae and 
ATU)na(u>He (Earle, 1938; Corner, 1949) the endosj)erm grows enormously and be- 
comes (iellular even by the time the fertilized egg completes the first division. In 
Tiliacora tlie on(los[>erm gradually grows at the expense of the nucellus and ulti- 
mately consumes it. Prior to the absorption of the nucellus and during the period 
of growth of the endosperm the cells of the nucellar epidermis become glandular. 
In the Anomujeae Corner (1949) observed that the cells of this layer are filled with 
oil globules. These are not observed in Tiliacora. 

At about the time the proembryo is 3 or 4 ceiled the outer integument begins 
to give out small pnduberances towards the inside. The protuberances gradually 
elongate and extend from the periphery towards the middle of the nucellus. The 
inner integument is seen as a thin membrane surrounding the nucellus. The 
infoldings of the outer integument are plate like in form and are arranged in a 
transverse manner, more or less parallel to one another. They become deeper and 
deeper (Fig. 24) and render the nucellus ruminate. As the infoldings of the outer 
integument elongate the inner integument is pushed to the inside and stretched up. 
It then gradually degenerates and its remnants can be seen till a late stage. In the 
later stages the nucellus is replaced by the expanding endosperm. In the different 
genera of Anonaceae the ruminations are variously formed. In some both the 
integuments may take p^^rt or in others. only the outer or the inner (Corner, 1949). 
In Degeneria, a member of Degeneriaceae, ruminations which are not so well deve- 
loped, are formed by the outer integument (Swamy, 1949) while in Myristicaceae 
(Mauritzon, 1939) it is the inner integument which gives rise to the ruminations. 

It will thus be seen that in Tiliacora as in members of Anonaceae (Comer, 
1949), the ruminations are initially a feature of the nucellus and it is only later that 
the endosperm grows into the nucellus and gradually replaces it. 

Embryo 

The interval between fertilization and the first division of the zygote is very 
short as compared with the enormous postponement of embryo development in 
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other families of Ranales like Anonaoeae and Magnoliaceae. The first division of 
the zygote takes place six weeks after pollination in Magnolia grandiflora (Earle, 
1938). In several of the Anonaceae, the zygote divides several weeks after fertiliza- 
tion and by that time the seed is full grown (Comer, 1949). In Tiliacora, however, 
the first division of the zygote takes place soon after fertilization. 

The first division of the fertilized egg is transverse resulting in the formation 
of the apical cell ca and the basal cell c6 (Fig. 27). The apical cell divides by a 
vertical wall int<j two daughter cells of unequal size, a and b (Fig. 28). This is 
followed by an oblique-vertical division of the basal cell resulting in two juxtaposed 
cells (Fig. 29). The four-celled proembryo thus consists of two superposed tiers 
of two cells each. 

The bigger of the daughter cells, a, divides by an oblique wall and gives rise 
to a triangular ceil e which functions as the epiphyseal initial (Figs. 30, 31 and 32) 
an<l another daught<u‘ cell numbered 3 in Figs. 31 and 32. The second daughter 
cell functions as a subepiphyseal cell. The smaller daughter cell b derived from ca 
divides by an obliquely vert.i(^al wall and gives rise to two daughter cells numbered 
I and 2 in Figs. 31 and 32. These two also function as subepiphyseal cells. Thus 
m a result of 3 divisions in ca, there are formed 4 daughter cells of which one func- 
tions as th<' epiphyseal initial and the rest as 8ubej>iphyseal cells. The epiphyseal 
initial divides transversely (Figs. 30 and 35) giving rise to tw^o superposed cells the 
derivatives of which form the stem apex. 

Tint Hubepiphys(‘al cells divide transversely (Figs. 32 and 33) and form tw^o 
superposed tU?rs, pc and pc\ Further divisions in these tiers are irregular (Figs. 34 
and 35). Tier pc contributes to the central cylinder of the stem and the cotyledons, 
wliih^ pc' gives rise to th(^ hypocotyledonary region. 

The two daughter (;olls of the bitsal cell undergo transverse division resulting 
in the formation of two super {K)8ed tiers of cells, the upper m and the lower ci (Figs. 
30, 32 and 33). Ftirther <livisions in the tier rn are rather irregular (Figs. 34, 35 
and 30) and contribute to the formation of the hypophyseal region. The lower 
tier ci gives rise to the suspcuisor. The suspensor is usually short consisting of two 
tiers of two cells c'acli (Fig. 37). Occasionally the cells of the suspensor may enlarge 
in size to give rise to a foot-like structure (Fig. 35). 

The mature embryo is dicotyledonous and curved and is imbedded in the massive 
(uulos{)erm (Fig, 26). The ratio between the size of the embryo and that of the 
seed is far greater in Tiliacora than in most members of Raualian families like 
Anonacem) and Magiudiaceae (Corner, 1949; Earle, 1938). The cotyledons are 
very much elongated. 

The derivatives of the apical cell of the two-celled proembryo take a major 
part in the formation of the embryo proptT while ci gives rise to the suspensor 
and the hy|X)physeal region is forme^l by m. So the embryo development conforms 
to the Onagrad Type of Johansen (1950) and keys out to the Tri folium Variation 
which is characterized by the formation of an epiphysis. 

It was formerly reganled that the development of the embryo in many of the 
Ilanales is irregular and that it resembles the condition in monocotyledons (Earle, 
1938). However, it has recently been shown by Johansen (1950) on the basis of 
published figures and descriptions that the embryo development in some members 
of Ranalian families like Ranunculaeeae, Magnoliacea© and Berberidaceae conforms 
to the Myosurus Variation, Onagrad Type. Recently Swamy (1949) described the 


p— -pericarp, a— epidermis, 6 — outer zone of parenchymatous cells, va — vascular strand, 
0 — inner zone of elo^ated cells, »p — space between pericarp and outer integument, oi — 
outer integument, ii — inner integument, nep — ^nucellar epidermis ( x 60). Fig. 26. L.s, 
mature fruit showing mature dicotyledonous embryo imbedded in the ruminate endosperm. 
p — pericarp, ot — outer integument, end — endosperm, em — embryo (x5). Pigs. 27-37. 
Vanous stages in the development of the embryo. 1, 2, 3 in Figs. 31 and 32 represent 
subepiphyseal cells (Figs. 27-35: x582; Fig. 36; x406; Fig. 37: x290). 
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development of the emfiTyo in Degeneria. He found that, although there is an 
apparent irregularity in the development, the method of tissue differentiation in the 
undifferentiated mass of cells is regular. However, he did not assign it to any 
type. As the derivatives of the apical cell alone seem to form the embryo proper, 
the development of the embryo in Degeneria probably conforms to the Onagrad 
Type. The Trifolium Variation has not so far been reported in any other Ranales. 

Fruit akd seed development 

After fertilization the ovule increases in size. The funicle elongates enor- 
mously as a result of which the ovule becomes greatly curved. In this it resembles 
Cocculus and differs from Tiriospora in wliich the elongation of the funicle is not 
so well marked and the ovule undergoes only a slight curvatun3. 

The nucellar cells begin to divide and the nucellus occupies the entire space 
of the ovule except for a small region at the micropyle, a condition found in many 
Anonaceae (Comer, 1949). Finally in the mature seed the nucellus is completely 
replaced by the endosperm. 

The fruit is a drupe. In the early stages the carpel wall is made up of a number 
of layers of parenchymatous cells traversed by vascular strands. As the fruit 
enlarges in size, during the development of embryo and endo8|X3rm, the ovary wall 
becomes differentiated into an epidermis of radially elongated cells (a), an outer 
zone consisting of 6 or 7 layers of polygonal parenchymatous cells (6) and an inner 
zone of elongated cells (Fig. 25). In the mature fruit the outer layer becomes 
fleshy. 

The outer integument which is made up of 4-6 layers of cells forms the outer 
seed coat. It shows infoldings protruding into the nucellus and later into the 
endosperm (Fig. 25). The inner integument, which remains two cells thick and thin 
walled, becomes gradually disorganized, and only its remnants are found in the 
mature seed. 


Discussion 

So far only three genera of the Menispermaceae, namely, Cocculus, Tinospora 
and Tiliacora (the last forming the subject of the present study) have been in- 
vestigated embryologically. Secretory type of tapetum, triporate pollen grains, 
degeneration of one of the ovules, crassinucellate ovule, formation of a nucellar cap 
and Polygonum type of embryo sac are features common to all three. Out of these 
Tiliacora and Cocculus, both of which belong to the tribe Cocculeae, show the following 
features in common: the nature and number of integuments and their spatial 
relations, the formation of the micropyle by the inner integument alone, the elonga- 
tion of the funicle after fertilization and the straight nature of the micropyle. 

The presence of an obturator-like outgrowth of the inner integument, ephemeral 
nature of the antipodals and the bookless synergids are features in which Tiliaxiora 
differs from both Cocculus and Tinospora, 

Details about fertilization, embryo, endosperm and seed coat development 
are available only in Tiliacora racemosa (present report) and comx)arison of these 
phases of life history in the various genera of the family must await further studies 
in the family. 

Summary 

The anther wall is five-layered. The tapetum is of secretory type. Endothecium is fibrous. 
Cytokinesis is by furrowing. Pollen tetrads are tetrahedral or isobilateral. Pollen grains are 
triporate and two-celled at the time of shedding. 

The ovule is bitegmic, amphitropous-campylotropous and crassinucellate and shows a 
nucellar cap. The micropyle is formed by the inner integument alone, which at the time of 
fertilization gives rise to an obturator like outgrowth. The megaspore mother cell foims a 
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linear tetrad of which the chalazal megaapore functions. The emlwyo sac is of the Polygiomun 
type. The antipcxULb are ephemeral and synergida are devoid of hooks. Polar nuclei fuae 
before f©rtili7.ation. Fertilization is porogamous. 

The endospenn is free nuclear. Wall formation starts from the micropylar end at the 
globular «tag6 of the embryo. First the nucellus and later the endosperm become ruminate on 
account of infoklinga of the outer integument in post-fertilization stages. , , . . . . 

Krnhryo development conforms to the Onagra<l type and keys out to the Trifolium variation 
of Johttns<m (1950). The following scheme summarises the derivation of the various organs of 
the mature embryo from the proem bryonic colls: 


Two -celled (>rfKjmbryo 


e — stem tip. 

ca ])C — central cylndor of the stem and cotyledons. 

j)c ' — hypocotyledonary region. 

ffi — hypophyseal region. 

I ri— suspensor. 


The fruit wall is made up of /in epidermis, an outer fleshy zone of fl or 7 layers of parenchy- 
matous cells and an inner /.one oi elongated colls. 
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Introduction 

Histological and liistocheniical studies on the thymus of mammals (De^arth, 
1928; Kingsbury, 1928 and 1941; Smith and Parkhurst, 1949) have sho'wn that the 
multicellular H^issairs corpuscles resemble to a large extent the keratinizing cells of 
the stratified squamous epithelium. The application of Gomori’s (1939) technique 
for alkaline phosphatase and the periodic acid-Sehiff reaction of Hotchkiss (1948) 
has led to the conclusion that in two widely different cell elements such as these, 
the same essential processes of the production and deposition of keratin arc taking 
place. It is well known that in reptiles (Jordan and Looper, 1928) these complex 
type of concentric coqiuscles of Hassall, so characteristic of mammalian thymus, 
are wanting, but instead, there are unicellular HassaU’s corpuscles and a group of 
interesting cell elements known as multinucleated plasmodial masses. From histo- 
genetic pcunt of view the origin of multicellular Hassall’s corpuscles of mammals is 
not clear. It is also not clear wliich cell elements in the mammalian thymus re- 
present the unicellular Hassall’s corpuscles or multinucleated plasmodial masses, 
though the plasmodial masses resemble to some extent the thymic canals of the 
mammalian thymus. 

It was felt that application of histochemical techniques to the thymus of a 
reptile would perhaps yield information useful in establishment of a histogenetic 
relationship of these Averse cell elements in the thymus. The lizard, Calotes 
versicolor, served as the animal of choice in this study. 


Material and Methods 

The thymus of Calotes versicolor was dissected out and fixed in chilled 80% ethyl 
alcohol for alkaline phosphatase and ice-cold Rossman’s fluid for periodic acid-Schiff 
reaction. ParaflBba sections of 6 /i thickness were cut and the technique of Gomori 
(1939) for demonstration of alkaline phosphatase was employed. No counter-stain 
was used and control sections were not incubated in the substrate. A few slides were 


VOL. XX— No. 4. 



5(>4 M. AFPA8WAMY BAD: ALKALINE PHOSPHATASE AND PERIODIC AOID-SOHIFF 


also stained in Hcidenhain’s haematoxylin and Mallory's triple stains. De- 
parsflSnized sections of material fixed in Rossman's fluid were stained by the periodic 
acid-»SchifF method according to the procedure of Hotchkiss (1948). For histological 
studies the material was fixed in Zenker's formol-acetic and Bouin’s fluids. Sections 
10 ft thick were cut and stained in Heidenhain's haematoxylin, Mallory's triple and 
Shorr's diflerential stains. 

Observations 

(а) Alkaline j^hospliatase activity. 

In the thymus of (Jalotes versicolor the multinucleated plavsmodial masses arise 
as fusion products of reticular cells. Dissolution of their cytoplasm takes place at 
the pcripluTy and extends inwards forming lacunae lined by flattened reticulum with 
central degenerating masses (Figs. 1 , 4 and o). In these degenerating masses granules 
of irregular shape* ap[x*ar, stained dark in Heidenhain’s haematoxylin, dark blue in 
Mallory's triple and deep green with Shorr’s differential stains. It is hard to deter- 
mine the cells in which thc\se granules appear, as cell bomidaries are indistinct. 
Many a time the central portion of plasmodial mass is compact and appears as a solid 
hornogenoouH mass stained lieavily in all stains (Figs. 4 and 5). 

An exainination of sections prejmred according to Gomori’s (1939) method for 
alkaline phosphatase shows that the capsular wall, trabeculae, endothelia and 
plasmodial mass(*s are positive to this reaction. In the plasmodial masseS; where 
(legeiuuation has not yet set in, tlic; reaction is almost negative. As soon as de- 
gencTation starts, dark granules apjK*ar indicating the sites of alkaline phosphatase 
at'tivity (Fig. (>). Gradually, as degeneration progresses, black patches of cobalt 
sulphide apjK*ar, indicjating increased amounts of this enzyme. It is interesting to 
nidti that the wail of lacunae (M)ntaining these degen(*rating plasmodial masses does 
not indicate any phosphatase a(;tivity (Figs. 2 ami 6). 

This enzyme is absent in unicellular Ha.ssairs coi'puscles and basophilic granulo- 
cytes. The thymo(\ytes, however, offtT a difterent picture. Those that are in the 
proximity of blood vessels and phismodial masses are positive, whereas those that 
are away from them show' faint or negative reactions. It is difficult to provide an 
adiupiate explanation for this fact where morphologically the same type of cell, the 
thymocyte, give.s two different reactions depcuiding on its location wdth reference to 
other cells showing a positive reaction. It leads me to the conclusion that perhaps 
a diffusion from blood vessels and plasmodial masses wliich show a high concentration 
of this enzyme, takes place, and that the thymocytes in close proximity to them 
give a positive reaction. Doyle (1950) has found a similar phenomenon in the 
lymphocytes of the appendix of irradiated rats. 

(б) Periodic acid-Schiff reaction (PAS). 

The caj)sular wall, trabeculae, endothelia, basophilic granulocytes and plas- 
modial masses are jx)sitive to this reaction. The plasmodial masses, however, show 
a particularly intense one. Here too, as in alkaline phosphatase, the reaction varies 
with the progressive degeneration of cell masses. Newdy formed plasmodial masses 
present a pale reaction, while in those where degeneration has advanced considerably 
the reaction is deep red (Figs. 3 and 7). The walls of the lacunae of the plasmodial 
masses always present a negative reaction, w hile the endothelium of the blood vessel 
is positive. 

The basopliilic granulocytes are generally in groups and many are multinucleated 
(Figs. 8 and 9). They are filled with refringent granules. In preparations stained 
with Mallory's triple, they are coloured pale blue and appear light green when stained 
with Shorr's method. These cells show a strong positive reaction to the PAS 
technique (Fig. 9) and appear to have coarse red granules in their cytoplasm. 

The unicellular HassaU’s corpuscles and thymocytes are negative to this reaction. 







FACTIONS IK THE THYMtTS OF CALOTSS VHRSICOLOH (DAUB.) 505 

DISCUS.SIOK 

The mammalian thymus differs from that of reptiles in the presence of the 
complex type of Hassall’s corpuscles. These are large cell groups which lie in the 
medulla and which display a concentric arrangement of fusiform cells (Jordan and 
Horsley, 1927; Dearth, 1928; Kingsbury, 1928; Smith and Parkhurst, 1949). Such 
corpuscles are absent in the thymus of amphibians and reptiles, but in their place 
occur unicellular Hassall's corpuscles, much smaller in size and consisting of a single 
cell element. In addition to the \micellular Hassairs corpuscles there are in the 
thymus of these vertebrates, groups of cells fused to form plasmodial masses which 
are derived from reticular cells (Jordan and Looper, 1928; James, 1939; Fabrizio 
and Charipper, 1941). 

The relationsliip between these different cell elements is a subjec t of much 
interest and an understanding of the homolog}^ becomes clear on the employment of 
specific liistochemical techniques. The work of Smith and Parkhurst (1949) luis 
shown that the concentric corpuscles of the mammalian thymus arc* jKJsitivc^ for 
alkahne phosphatase and PAS reactions. It him been interpreted that during 
degeneration of these corpuscles there is production and deposition of keratin. 
Many investigators (Dempsc^y and Wisloc.ki, 1945; Bradfield, 1950; Doyle, 1951; 
Ring, 1952) are of the opinion that alkaline phosphatase is probably related to the 
elaboration of keratin. Comparative studies on the HassalPs corpuscles of the 
thymus and skin of guinea-pig have shown that in both cases the production and 
deposition of keratin are closely assoc^iated with alkaline phosphatase activity and 
PAS reaction (Smith and Parkhurst, 1949). 

The present studies reveal some interesting differences between the Hassairs 
corpuscles of the mammalian thymus and those of reptiles. The multicellular 
Hassall ’s corpuscle (^f the mammalian thymus is strongly positive to alkaline phos- 
phatase (Smith and Parkhurst, 1949), whereas the unicellular Hassairs corpuscle of 
tlie thymus of Calotes versicolor is completely negative for this enzyme. Thus these 
two cell elements — the concentric corpuscles of Hassall of the mammalian thymus 
and unicellular Hassall’s corpuscles of the reptile — though resembling externally in 
the concentric system of striations (Jordan and Looper, 1928), are widely different 
in their reactions to alkaline phosphatase. The absence of this enzyme from the 
unicellular Hassall’s corpuscles of reptiles shows that there is probably no deposition 
of keratin in these cells. 

The above conclusion is supported by the results of PAS reaction. Recent work 
of Moog and Wenger (1952) has shown that PAS reactive substance and alkaline 
phosphatase are physiologically related and that wherever the latter is present the 
PAS reaction is positive. It is known from the studies of Smith and Parkhurst 
(1949) that the concentric corpuscles of mammalian thymus are positive to PAS 
reaction, just as they are positive for alkaline phosphatase. On the other hand, the 
unicellular HassalPs corpuscles in the thymus of Calotes versicolor are negative to 
both PAS and alkaline phosphatase reactions. Tliis indicates that these thymic cell 
elements in the two vertebrate classes are different in function. 

The plasmodial masses in the thymus of Calotes versicolor^ however, react 
differently. In contrast to the unicellular HassalPs corpuscles, these masses show 
intense alkaline phosphatase and PAS reactions (Figs. 2, 3, 6 and 7). The significance 
of the positive alkaline phosphatase and PAS reactions in the plasmodial masses and 
negative reactions in the unicellular Hassall’s corpuscles is interesting. Jordan and 
Looper (1928) have tried to establish a genetic relationship between the unicellular 
Hassall’s corpuscle of the thymus of the box turtle (Terra/pene Carolina) and the 
mammalian Hassall’s corpuscle, because of the superficial resemblance in these two 
cell elements. They consider the multinucleated plasmodial masses, which do not 
show any characteristic concentric arrangement of cells, as the progenitors of thymic 
canals of mammals. The alkaline phosphatase and PAS reactions in the th 3 nnn 8 of 
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(JfjJbtes versicolor inclicratc that the multinucleated plasmodial masses resemble the 
(complex tyjXJ of Hassairs corpuscl(»s of mammals as both show intense positive 
n aetions, wherf as the unicellular Hassairs corpuscles are negative and hence cannot 
be. compared as far as thes<? reactions are concerned. It is suggested that the multi- 
cellular Hassairs <x)rpuscles of the mammalian thymus have probably been derived 
from th(^ reptilian th>Tnic plasmodial masses. 

It was observed that another group of cell elements in the thymus of Caloies 
versicolor behave d in an interesting manner to these two reactions. The basopliilic 
grariuloeytes are positive to PAS but are negative to alkaline phosphatase. It is 
w'(*ll known that in tissui s wdiere the PAS reaction is positive, the interpretation is 
that litrg<* amounts of lipids and polysaccharides are being produced (Hotchkiss, 
1948; Moog and W(uiger, 1952). The fact that these granulocytes are strongly 
positivti Ut PAS but negative to alkaline phosphatase indicates the presence of 
com])oundH in their cytoplasm which can be oxidized to aldehydes, probably of a 
lijud naiun;. That is also the conclusion of Loewenthal and Smith (1952) in the 
foamy <‘c|ls of the thymus of mouse. 


Summary 

1. 4'ho utiioollnlar HuhsuII’h oorpunolos of tho thymus of Calotes versicolor are negative to 
aikalioe pljosphaOiHO aud p<3rio(lic acid-Sehiff relictions and are not comparable with the multi* 
colliilar Hassull's corpuscles of the thymus of mammals, which are positive to those two reactions. 

2. 'the plasmodial masses of the thymus of Calotes versicolor resemble to a very great 
(extent the coiKrenl rir* <*orpus(4es of Haasfill of the mammalian thymu.s. because of the striking 
resemblarujo of 1 heso two <!ell elemouts in their reactions to Oomori’s treatment and PAS tochnicpie. 
4’hi^ inbuisity of alkaline phosphatase and PAS reactions in these multinucleated plasujodial 
niasst>H of th<.> thymus of Calotes versicoh/r probably depend.s upon the degree of degeneration and 
keratin formation. 

3. The biwophilic granulocytes are generally in groups. They are large, multinucdeated 
and contain refringcut- granules. An intense rea<dion of these colls to PAS treatment is probably 
due to elaboration of lijiids. (Generally they an' negative to alkaline phosphatase. 
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Explanation op photomicrookaphs 

Key to Lettbrino 

bg . — Basophilic granulocytes. 
bv . — Blood vessel. 
pi. — Plaamodial mass. 


Plate XXI 


Fig. 1. 

Fig. 2, 

Fig. 3. 
Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 
Fig. 8. 
Fig. 9. 


Sagittal section of thymus of Calotes versicolor showing degenerating plasrnodial masses 
in the medulla, Bouin: Hoidonhain’s baematoxylin. x40. 

The thymus showing the distribution of alkaline phosphatase, domori’s techniipie. 
x30. 

The thymus showing the regions po.sitivo to PAS reaction. • 33. 

Enlarged view of sagittal section of thymus showing degenerating plasrnodial masses . 
Bouin : Heidenhain’s haematoxylin. / 210. 

A portion of the thymus enlarged to show the progressive degeneration of multiuuoleated 
plasrnodial masses. Zenker’s formol -acetic: Mallory’s triple. / 360. 

Enlarged view of sagittal section of thymus. Degenerating plasrnodial masses and 
endothelia of blood vessels show high concentration of alkaline phosphatase. 
Thymocytes near regions of high concentration are also heavily stainoti. Gomori’s 
technique. x216. 

A portion of the thymus enlarge<l. Only the degenerating portion of the plasrnodial 
masses and btisophilio granulocytes are positive to PAS reaction. X 225. 

A portion of thymus enlarged to show the grouping of the basophilic granulooyles. 
Bouin; Shorr’s differential stain, x 570. 

Enlarged view of a portion of thymus to show tlio positive reaction of the basophilic 
granulocytes to PAS technique, x 570. 
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1 . Introduction 

In recent years, the Lie-algebras of the orthogonal group, considennl as asso- 
ciative algebras generated by a numb(T of symbols satisfying a set of relations have 
been found to be of importan(3t‘ in the theory of eh nn^ntary parti(‘lo8 in Quantum 
Mechanics. The ( liftord- Dirac algebra of 4 symbols which is the Lie-algebra of tlu^ 
orthogonal group in 5 dimensions was employed by Dirac in his theory of the 
electiHjn whose spin is i. Explicit matrices of the r(‘j)resentation of th(3 Clifford- 
Dirac algebra with any iiumb(T of symbols wctc given by Brau(T and Woyl (1935). 
Th(‘ Li(3-algebra associat(‘d with an elementary particle of spin 1 was iiivestigaU^d 
by Kemmer (1939) and the matrices of tho representations were obtained in an 
explicit form by D. E. Little wood (1947). 

The investigation of the Lie-algebras for higher spins is more complicated. It 
was, however, proved by Madhava Rao, Tliiruvenkata(;har and Venkatachaliengar 
(1946) that the algebra for the case ofdialf-odd-integral spins is the direct product 
of the corresponding ( Uiffcjrd- Dirac algebra and another algebra called tlie ^-algebra 
generated by the symbols • • • • satisfying the commutation rules 

(i) =ls, 

(ii) 

where {a, b} is the anticoinmutator ab+ba and [a, 6] is the commutator ab—ba 

This direct product resolution simplifies the problem of determining the irr(‘du- 
cible representations of the Lie-algebra considerably. The matrices of the irreducible 
representations of the Lie-algebra are then the Kronecker products of the matrices of 
the irreducible representations of the ^-algebra and those of the corre8])onding 
CliflFord- Dirac algebra. In the case of spin the symbols generating the original 
Lie-algebra satisfy a quartic and the corresponding symbols satisfy the quadratic 

In this paper, we take up the investigation of the f -algebra An generated by 
the n symbols ^ 1 ,^ 2 * • • • in with spin f . We show that the centre of the algebra is 
generated by a single element 6 and obtain the minimal equation it satisfies. We 
set = wir ; = wr$ and show that the irreducible representations of the 

algebra An are given by 
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I (a) when n is even ; 


I>„r(u)n,n+l) = I ^ + 


(•>r-n-G) 
2(rt— 27+4) 
(n-2r+4J2-_l 
(w — 2/- + 4)- 


1 

"2(n-2;+4) 


I X Ef.^ + 4 


1 


1 +' 


(Ij) when is odd, we have thi; same expression for n+i) a-s [(a) with 

1 < r < -y — and an arlditional re[>r(‘sentation. 

JL 


fKt. « f {^^n, l) — "h 2 '^-^r 

4 • <> 

where Ek is the unit niiitrix of onler /•. 

I(. IJ nr (<*>/>. /; + l) = -1, f. ^ ])+ l,r />! l) 

p r= I, i>, :i , . . . . (//-i). 

By taking the antieonnnntators nf the <Op p^x repeatedly, we obtain the matrices 
for f ^ . 

We prove also that the dimension of the algebra is given by the simple 
expression ; \ ^ follows, therefore tliat tin' dimension of the corres- 

ponding Lioalgebra of tlie orthogonal group is given by 

2'^^' /2a+l\ 

//"d-iiV n )' 


2. TiIF. ^r-AL(^EBUA 

Let A„ bo the f-algebni generated by tin' n symbols . . . . f , which satisfy 

the following relations : — 

(1) («). ^- = ’1-^* 

(l) (6), I fr, { i. } ! = (s \ f,. + • 

(1) (c). [v^, !f,,^a]=o [^,Q = ^A-^s^r 

r s , 

Wo set 

= ‘'^rl ; [r = 2, 3, (w+ 1)1 

and 

It follows easily that 


♦ In tiio paper by Madhava Uao ami collaborators rt'forred tc^, f is taken to satisfy 
f-hj. We have hero replmod ^ by { for the slight simpUficatioii of some of the 
formulae. 


IB 
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Hence the <o’s 

satisfy the relations : 

(1') («)• 


(1') (0- 

II 

(»') (c). 

Kr, 


r ^8 

From r (a), it follows that in any representation cuf,^ has the cij't'n-valiics i or —3 
Consider a representation in which wi, is diagonal, say | a\,.| and let cuu = .* 

We have 

{‘"ir, ‘"is} “ + 

Since 



(Ay,d" A^)* (ipq = (Ipq 


li 

C4 

i.e. either 

Xp = i or Gpp = 0 . 

Now 

spur = 2’",.,. 

and 


spur 

{<^u. ‘"i. } = 2’ 2A ,, (ipp = 2 Opp = «Pur . 


Similarly, taking diagonal, we obtain 


spur = spur { oj^^\ . 

We therefore have 

(2) spur coj,, = spur = spur . 


It is (*lear that (2) is true for any spin. 

We now proceed to obtain explicit matrices for the irreducible representations 
of the algebra . From the theory of the orthogonal group (cf. F. I). Murnaghan : 
The theory of group representations) it follows that the dimension formula for the 
irreducible representations of the Lic-algebra (generated by n symbols) is 


( 3 ) («) i>A. . A. = ^ 

and 




( 3 ) (h) 


D 


XyXz — ^J4 . . . . I 2A;— 2^^ ^ ' 


where Aj, A 2 , . . . . A^ are half-odd integers such that Aj > A 2 >....> A/f ; = Xp + 

(k—p) ; = lp+ 2 J Ai is the spin. Denoting by /aj Ag Xk^ dimension of 

the corresponding irreducible representation of the ^-algebra, we have, since 2^ (or 
2^'^) is the dimension of the irreducible representation of the Clifford-Dirac algebra 
according as n = 24; (or 1), 


D 
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(3') (f>) 


f X\ Aji .... A A 


Ag . . . . Aa , 


n = 2i;— 1 . 


If the A’s are all either ij or 1 . 

Lei r^/ . j j with (r— 1)-> and (A; — r+ 1) i’s, r taking the 

valuer 1 , *J, . . . . (t+ i) wh(*re n ^ 2k or 2A:— 1; there will be (A;+l) irreducible 
representatioriH of the algebra A„ . 

We obtain after some simplification that the formulae 3'(a) and 3'(6) both 
reduce to 


(4) 


/„r = i •••• i 


n— 2r4-4 / n+2\ 
71+2 \r— 1/ 


we defirn^ = 0 for ^ » since = 0 for = 2r— 4 and negative for 

n - : 2r— -4. i.e. r takes the values 


and 


1,2,3,. 


yi 

2 


+ I if 77 is even 


L 


71+ 1 

”2 


71 + 3 
o 


if n is odd. 


We denot(‘ Uy tli(^ irreducible r('j>res(Mitation (of the algebra A ,^) wln)se dimen- 
sion is / and liy l)„^(a)p_f) tlu^ matrix of n pn^sentation for in the rt'prescaitation 

l>nr . 

It follows from tli(‘ theory of th ' orthogonal group that the algebra An branches 
ov(^r the algebra. .Li_i aeeonling to th(‘ law 


(b) l>ur (ej;,;) = Du l,r-l (wp^) + !>n^],r(0Jpq) 

[It is verifKMi (‘asily that/„r == 1 ,, i+/n-i.r]. 

We next show that \i S’,,,, is tlu' spur of any copj in t lu^ irredueibl(‘ representation 
/Lr> Ihen 


(0) 




n2+(r>-4r)// + 4(r~l)(r-3) 
2n(ft+^) 


= (»rz+i) ,, 

2,r— - 1 

X I «2+(6-4r);t + 4(r- 1 )(»•-•{) } 

Proof : 

We assume tlu' n'sult to be true for the algebra .4„_i and prove it for An- 
From (5) it follows that 

Now *Sn-l.f-.l + ‘S’n-l. r = 

{ ft ^ I 

= “_ 2 - («-2)(»-3) . . . («-r+4) {,i-.!+(7-4r)«+4(.--2)(r-3)} 


(«-2r4-3) 

”2Tr- r' 


(tt— 2)(« — 3) . . . {n—r+3) {«- + (3— 4r)K+4(r— l)(r— 2)} 


(rt— 2). .(/j — r4-4) r 

2\r^ L 


(«-2r+5)(/-— 1) (n*+(7— 4;-)w4-4{r— 2)(r— 3))+ 1 

(n— 2r+3)(n— r+3){n®+(3— 4r)w4-4(r— l)(r— 2)}J 
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i.e. Sn-l, , = 


(n— 2) . . . ( M — r+4) 


21 r-1 




+ 4)(>i 


= S„ 


1) {«2 + (5-4r)« + 4(;— l)(r-3)) 
on simplificat ion. 


Xow l)„i (to/.,) = .) for all n so that S^i 
see easily that 

( > 0 


= Ji and for tho algebra A^j>* 
or S^ 2'2 = 1 . 


That is, the formula is true for S„i and hence by iuduetion it is univ^vrsally 

true. 

3. The Irkedhctble IU^preskntations of A „ 

We consider the algebra A„ as generated by the n symmetric symbols cojo 
a> 23 , • • • ^p, v^i, ' • • ^n, H f 1 detiiK' 

cors = [^ir, ; /* 7^^ with th(^ rt‘Jations (]'). 


From (!') (c) it follows that 

[o^Pci, <^.v/] = 0 ; p,q ^ s, t. 

Therefore, oommute.s with co^o, <^ 33 , . . • ti-o with the algebra 

-1m- 2 - We also have the branching law 

J^nr {^pt /> f 1 ) ^ , r — 1 ip^p, /> f l) d“ 1 , r {^p, » P ^ 1» 

We now show that — 

(7) (a). When 7i is even 


I^nr (^n, n-fl) — 2 ^f\ “1“ 


2r~n-6 

2(7i-2r+4) 

(r-~2/* +4)2-1 
— 2r + 4)2 


1 


(2r— 71— 2) 
2(r^ — 2r+4) 


X AV^+i 


77 

Kr < -+1. 

(7) (b). When n is odd, we have the same expression for D„, (wn.n+i) H) with 

^ I j 

1 < r < and an additional representation 

(8) D„, (cO„^ = i Ef^ H \ Efr^ , 

2 

where Ef, Ef^^ Ef^ E/^ Ef^ are unit matrices of orders 

fl —fn^2, r-2 
/2 ~ r~l 

/s =/n-2. r 
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Ia w - 1 

2 

/s =/n-2. n±\ respectively 
2 ■ 

with fCh — 0 for k <1 0 and Ei == 1. 


Proof : 

We first ()1 all determine />n, n4:i (i^«.n+i) when n is odd. We have, by the 

brarx lnTi<4 l;iw, tfiat the same as Dn-i, n 4 -i over the algebra An-\. Taking 

2 ~^2 
the branching «jga.in over we have 

« I ;{ (^V’. P r l) fhi -'Z, n--\^{oipp4ri)-\‘ l)n~2, (^/), />+ 0 An~-Z\ 

Z 2 ■ “2' 

(1 <' p < n— 2). 

Since conunutes with the* algebra An--z, we liave by the Schiir lemma, 

H k-y. « 4 -i) = Aj Ef^ + Ao . 


Writing ti — 2///+ 1» we. fuive 

P f __ .‘l{w + :i)(m+4) .... (2?//) 

./4 JZn.^^,.n ~ - - 1 ,^ 

— f-> , VI = + . (2m) 

. . n. 

Ib'iice taking tlic s[)ur (4 'cj., mm* we have 

(•^) A| ./4+A-.:/5 = S„, n-^'A = f 1. m 42 

^ + :!)(/// + 4 ).... (2 m) 

[m 

i<‘' Ai.4m + /Vj(m + 2) = —3 

<>»' Aj = I and A2 = — 2* 

Thus, we have 

To prove (7), we observe, first of all by the branching law, that 

f 1 ) = /^n- j. r- 1 (ojp^ /> 4- 1 )+/)„« [ ,.(a>y, y, V j) OVCF A^-l 

= ^^u- 2 . r~ 2 (^/>, />+i)+T)„_ 2 . ^ + 1) 

+ i)n-.2,r-l(cay,,^+i)+Z>„_o ^(a>y,,y,+ i) OVOr .4„_2 

+ r{<op,p^i) over An^2- 
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Since ojn,n^i coramutos with the algebra we have by the Sohur lemma, 




<^33 ! 


X hi,y JS/, 


where 


A -I, f ' f\\ /« - 2, r 

^44 ~ i — i ' + = — I 


Taking the spur of ojn, «fj, we have 

A4 - (^^22 + ^ 33)/2 + ^^ 44/3 » 


(n — r + 4) (7i — r + 5) .... (??,— 1) 


(/n LV+b)- 


(m — iV + 4) (w — r+3) 


(/i — 2 r+ 2 ) (/i — r+ 2 ) (?i— r+3) 


,,._,v+4) <“-L+il<?*-^i - -iir IJ 


X { n- + (r) — 4r) 7t+4 (r— I) (r— 3 )}. 

It is easily seen that (10) will bo consistent for the value .J only for and , 
Wo now assume the result (7) for ?i = m and prove it for (m+J). 

We have just proved that 


^^w+l, r (<^m f 1, w f 2 ) = A 

^ ^32 ^^>3 


xA/' + i AV; 


where 

Hence 


h =ffn-l.r-2’ 4 =/m-l,r-I ; /;! =f,n-l,r «22 + «33 = “I- 


spur (aj„,+ 1 , „, + 2 ) = '2 f t -/ 2 + 1/3 = 


\^l,r(<^fn, m+l) — y..| (‘"m, «.+i)+/->m, r (ai,„,m+i) by the branching law 


( 2 r— m — 8 ) 

, 2 {m- 2 r+ 6 ) 

= 5-^/'+ 

(wi.-2r+6)2-l (2r-m-4) 

' 7 «^ 2 r^l) 2 ' 2 (w- 2 r^ 6 ) 


X Ji/f’ + i Ef" 


+ iA/;+ 


( 2 r— m— 6 ) 
2 (m— 2r+4) 


(m-- 2 r+ 4)2—1 ( 2 r— w— 2 ) 

(w— 2r+4)2 2(m-~-2r+47 


X Ef^+ \ Ef.j 
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where /j /m~2,r-3» fm-2,r-2' /m~2,r-] 

/l^/m-2, r“2i /2 ~ //»-2. r - 1 > f%^fm-2,r. 

It followH easily from (r)(^^) (^^'){^) that {cum, cust| = ojrt and hence 

spur I Cfj/rt, mf ii ^^w-f 1 , wt+2 1“ is also > wc thuB Havc 

^_(rn^2r+S) (m-2r+\)^ 

^ ^ 'l{m — 2r + iS)^- (m— 2r-f-6) 

r (m— 2r+6) - 

+ ^^22 4+«33 /l- "^33 72 

2r-f-2) f %\ f o 

2(m - 2r + 4) ^ ^ 

[Observe that/;*-/; =/* ; /,-/: =/; ; /^-/^ =/, ; /3-/2 


We also hav(^ 


^224"^33 — — 


On solving for and ^33 from (11) and (12), we obtain, 

^ 2r-— m — 7 

2(m— 2r+5) 

2 r — m — 3 
- 2(w(-:>r+5) 


front ] ““'^^22» have 


<^32 ^23 


(m--^r-K))2~.l 
(m — 2r+o)*^ 


rr 1 ’I Wd”h7Md-*4 .'1 -. 

If (ino — J or — § , r = ;y - Of rospcctively and this is clearly not possible. 
Hence | or — |i or ^ 0 , 

We now effect a similarity transformation of the matrices D,„ + i ^ (t<^m+i m+ 2 ) and 
H.r (wm, m+i) by tlio tiijitrix — |^] ,g This leaves Z)„+], , (a)„, „+i) un- 

^^23 'w.r— I Un, r 

altered while in 71m m f m ^ 2 ) h changes ^03 to I and to ^33 We have 

thus proved the result for n m + 1 if it is true for n ^ m. Before completing the 

proof by induction, we observe that the foregoing does not cover the case r = ~ + 1 

2 

when n is oven ; for then 

71n> n+2 (^n -l.n) n (t^n - 1, ») +71n- 1, n + 2 (^»-l,n) 


- IK.,, „ (a>n-l,n)+ I ^ 2 + -I 


Wo therefore treat this case separately : i.e. writing n = 2p, we show that 


Eip, p+i zp+\) = i Ef^ 


-1 11 


ip-2, p-l ■ 1 J 0 2p-2,p. 
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We assume the result for n = *lp and prove it for 2 p+-- The preceding result 
shows that ( 7 ) is true for n = 2 p + l. 

Now' 

r-^2 (^fi, k^i) == p^i (oi*, ^+i)+Z)2/>+l (<^k, k^\) over An . i 

~ ^2p, P ((^k, k^\) + D2p, p f 1 ((^k. + I A+l) over An^2- 

Hence from the »Schur lemma, 


D 2 P^ 2 , 


/>+2 2 , 2 p + 3 ) = «11 ^ + 


it *>o 1 


^2/>. />*fl 


where a«>Q is taken to be 1 as before. 


From 2^+3. «ii = i or — § and ^/ 22+«33 = - 1 - 

Taking the spur of ^2^+2, 2p f 3 , wo liavc 

^ 4(p+4)(p + r))...(2p+l) ' L>(p+3)(p-b4)...(2p+l) ^ 

a,, 


== -6 


(/>+ 1 ) 0 > + 4 )(p + 5 )...( 2 />+ 1 ) 


from which an = I only. Tlicrcforo, 

-D2/P + 2, /> + 2 (^ 2 p^ 2 , 2^4-3) = i ^ + 


1 




^2/)-f2, /)-f2 (^2/)-f J, 2/) + 2) = J^2p-¥\, />+! (^2/>-f 1, 2/^ + 2) +J52/> f J, 1, 2/>+2), 


^ 2 /> 4 * 2 , />-f 2 (^ 2 /j 4 -L 2/^+2) 


1 + 


5 1 

r, ^ 


X E f + J E f 

/2/>-l,^ . ^ /2/>-I,/)fl 


+ +-jS/^V 

. ** J2p^\,p . ^ p+1 


Since spur of {^2/^+1, 2^4-2 , ^2/>+2.2/>+.3} i« /S'2p.f2, />4 2 wo have 

hhp-h p-l U^p-h i/2/>-l. p ^22+/2p-*], P+I «22+/2/>-1, p ^33““3/2^-l, ^+1 
= S2p^2, ^+2 == ^/2/>, /> ■~/2A />4-l 

and we also have a22+a33 = — 1. On solving for a^t, ^33, we obtain 

^22 ~ ^ > ^33 ~ > ®S 2 ^ i* 

We have thus shown that in all cases ( 7 ) is true for n = m +1 it ^ 
n ^ m. Now for the algebra A29 one can show easily that 

i 0 -11 

^ 22 ^^ 12 ) = i -^22^^23) = 

0 JO 
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and /)«! ;>4.i) = I for all w. TIhh proves that the irreducible representations of 

are by (7) and in case n is odd, we have an additional representation 

givau) by (8j 

nbHerv(‘ that the repn.-soritation matrices are chosen in such a way that 
their elements are rational numbers. If, however, wo want them to be symmetric 
matrices as is generally required in Quantum Mechanics we can take 


^23 



~2r+4)2 ‘ 


As an illustration, w(‘ give below the matrices of the irreducible representations for 
• • • • alg«bra Ar^. By taking the anti- commutators of these 

re|M‘jite(lly wc can e()mpute the matrices for = ^\r, 

The algebra A- has 4 irrtMlucible representations Z>52, /^53, of orders 
1, 5, 1), 5 respectively. 

(i) /'6i : - 


(ii) - 


>, '+ 1 


= i ; r = ], 2 , 3 , 4 , 5 . 


I -I 1 

i «» 


"in 2 /'>3+ 


1 I 


"ni =- i ^2 + 


+ 


‘".r, - i + 


+ i f'-i 


1;: -1 i 




to 


i+ iA’3 


''l2 “ 2 ^-'’3+ — ii ^‘1 + 2 ^-’2+ — 2 ^1+ 2 + — 2 *’l 


^23 ~ i + 


"34 — i + 


-1 1 


i + e^;i + 

I 0 I • 

I 

+ iA’i + 
.) -i ■ 


-1 1 

f 0 

5 


X Eo 


"45 = 


-i 


1 


"s# == i ^’1 + 


+ i ^8 + 


I I 


-1 1 

I 0 

X -E3+ J E 2 


S _ J 
y t» 


X Eo 


+ i E2 + — 2 El 
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(iv) 


= iE.,+ --\Ei+iEi + -]E^ 


‘“ia = ^ Ei-\- E-,x 


“^34 = 


;; -i i ■ 


+ 1 E ->-\ — 3 E] 


-1 1 


"^45 = i + 


! X A’., 


‘"56 = ^ E3~\ i E-i. 


4. The Dimension oe the Algebra A , 


We now prove that tlie dimension of the algebra A„ is given by the simple 


2 / 2« + 1 \ 

expression-— I j;i 


i.e. we show that 


)» + 1 m + I 




for fi = 2m or 2m— 1 


(i) Let 7/ = 2ni ; to show that 


2 /27//-f2v" /47/7 -f r\ 

(m-p+^y^{ ) =(iR+i)( ) 


Proof 


(1+^) 




*2w-f2 cy I o 

2 m -+2 X / ^ m -\~2 




2m + 2— 


2m + 2— 27 


2w-f2-y^ 






2m+2\ 
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Hence, in 


(h(i coefficient of 




Thin must therefore be equal in tlie coefficient of - in 




i.c. to the coefficient of „ in 








1 ( / 4 /??4-2 

( !oeffici('nt of - = (m +\f s , 

x‘ ('•_’/« + 2 


2\ /lw-f2\ /4m + 2\') 

2)-M2,n+l) + ( 2,« )] 


/4w+l\ 

= ~-2(/?< + l) ^ j (HI Hiinplilication. 

Hence 

NT/ , / 4 m+l\ 

,, ) =(”'+'>( o„ )■ 

VVlien n = 2m — I, one can similarly prove the result by considering the expansion 
for (1 ^ VVV thus obtain that the dimension of the Lie-algebra of the ortho- 

gonal group with spin I is 

|2w+l\ 
ri+2\ n /’ 

5. The Centre of the Algebra 
== JL ^ /> wliere ~ ^^2 * ‘ the summa- 

tion extends over n permutations. 

Thus + ^ - + ^ ^^21^3 • • ^2m-f 1 
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where the are to be summed up over all indices excepting 1 . 

Since [^i, ^^ 2 }] = 0, we obtain 

^1 ~ + • «2,h )- 1 • ‘'2m+ 1 ’ 

the being summed up over all indices excepting 1. 




•• »1 2m+l 2 • 




2 ?2^*'/:}--V2m4 




IW 2 * 


From 


^11 “ i~^i obtain 


tp 

2m+l ^ • • • • ?2m f 1 ^ 4 ^*^2 ^/2m-fl 

2 ~ ^ ' ‘/2 ■ • • • ^/2m t 1 2 ^'^2 * ‘/H • • • • '^2m + 1 


we have; similarly 


P'lm f 1 ^1 — b ^ I (/2 • • • • V2m -I- 1 , 1 d“ ^ f 1 1 V2'/;i • • • • ‘?2m-f I 

+ m flV2l</:i .... ‘/2m+l 
1 ) ^^ 2 m f 1 ] = 1 1 ^«/C /2 '/ 2 m + l] ' 

Forming in the same w'ay ^2 ^^ 2 wf 1 . • • • • ^ 2 m 4 i, ■^^2mfi ^ 2 * • • • • ^ 2 »«fi ^h» we 

obtain. 

/io\ zy T> TJ r> 1 2?^-) 3) n ly p 

(13) PiP'lm^l == ^2wj42““-^2m 1 jH - ^ 2iii ^ 2m4 1 ^1- 

It can be seen similarly that 

t p _ -u ^ 

b 1 ^ 2m b 1 ^2 • • ^2m O ” 2 ^2m * 2 73 • • 72m. 


-^2w ^1 7i 72 . . 72m'^” 2 ^^2 ^2w 2 ^^‘5^2 • • • ^2m 2 

from which we have 

[^1) P^tn] = (^^2^3 72m““^W2 • • ?2m) = ^ ^ [^1> ^72 - *?2w]» 

i,e. P 2 m + w P^tn^i is an element of the centre. 

[We take Pq = I and P^ = 0 for r > n and r < 0 ; wo notice that there will be 
(Jfc+1) elements of this form for w = 2i or 24—1.] 

We also obtain 

(14) PlP2. = P2m+i + -''~Y ~~ = 



< 
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From (i:i) we have = i' 2 — i*i + 




*Xn 




(«- 2 »«+ 2 )( 2 m+l) 3 b 

^ / 1 ^ 2 w -2 ^ 2 w~l • 


Wo tlniM obtain 


( /’l + /^:; ){ /' 2 - + P-^^n - I ) + ( Pl,n + >n P...„-, ) ■■ 


.. r. /«(/) — 2»n4- 3) „ „ 

Pi /* 2 m+l +{ b* + 2 ) / j/ 2 m+ •> ^ lP>m-l 

m(B— 2 /b + 2 )( 2 w/+ 1 ) „ „ 


_ /> _/> (b-2b/)(2;b + 3) 

— * 2 of + 2 “ * 2 o; f 1 I 4 ^ 


/«(b-2b/+3) ,, 


?;/(/// + 2 )(// — 2 //^ + 1 ) 


///(// — 2/// + 3) 

■ . ^ f ^l>n ■ \ 


///(// — 2 /// + 3 )(// — 2 /// + 2 )( 2 /// + n p 

+ ^ ' ■ 8 

/«(b- 2 /«+ 2 )( 2 /«+ 1 ) 

+ ^ ^ 2 m ~ I 

. m(m---l)(2m+l)(^/~‘-bA+2)(/?--2w+3) „ 

+ ^ 2m - 3 

or wo obtain tht^ rocurront relation 

(15) {Px-\-Pi){Pz»-\-mP2,n l) = (/^2.«f2+wTi P2« + l) + «*(«-2»B)(^’2« + »«f’2m-l) 
+ w(2B/-f- l)(B- 2>B + 3)( //-2/B + 2) ( p,„. . 2 P+ ,7rriPo,„ . 3 ). 

It ia evident that on utilising (15) in succession, we can express a central element 

n *» 

Po,,+/m/’ 2 „_i as a polynomial in ^ = /^] + P 2 = 2 { ^ 

f = 1 f , S a= 1 
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We obtain the minimal equation that 0 — Pi + P^ satisfies indirectly as follows ; 
Since spur ^ , = spur = spur | t } , 

spur of d = -i— t- iu the irr<Hluciblc representation 


i.e. 


gp,.r « - /., »L+iiL-*''>»+'i':r in':-:" 

2 2./.(» + ,l 


Hence the roots of d are 


+ (5 - 4r ) /i + 4 ( ^ ~ n ( /* - 3 ) 


r = 1, 2, 3, . . . (k+l) where n^2k or 2A — I 
or the minimal equation that 0 satisfies is 

7i2q-(5— 4/-)// 


(16) 


'n fg n2 + (r)-4r)a. + 4( / - l)(/-3)] ^ 


We wisli to thank Prof. B. S. Madhava Rao for his interest in the work and 
kind encouragement. 


Summary 

In tliis pap(?r wo dott'nnino explicitly th(‘ nuUrictvs of nil tiio linito-fliinonsional roproKenta- 
tions of tlio Li('-algobra of (h<' ordiogonal group witii any nuinbor of symbols with H]>in J- 
Uor this j^urpose W(^ use tlu' direct proiiuct resolution of sucli an alg<‘bra into that of a Dirac, 
algebra and a ^-algt'bra duo to Madhava Hao iiud otb<M*s. We find first of all thi» matrices 
for the n'prosent tit ions of the ^-algebra; since those of the Dirac-algobra are known one can 
work tail the same for the Lie-algebra. We dott'nnino linally the centre of the f-algobra, 
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RADIATION DAMPING IN COMMON SCATTERING 


f>y T. C. Roy, Re^e/irch Fellow, N.I.S.L, Department of Applied Mathematics , 
University College of Science and Technology, Calcutta 

(Communicated by N. R. Sen, F.N.I.) 

(Received February 3 ; read August 6, 1954) 

Th(? influence of radiation damjung in the Compton scattering phenomenon has 
already been investigated by Wilson (1941) and Power (1945) from the quantum 
meehanUial point of view. One has to tackle Heitler’s integral equation in such a 
case whic4i is extremely difficult to solve exactly. Wilson therefore attempted to 
solve it alter averaging the kern(4 of the integral equation over the scattering 
angles. The result that he got by this process showed that the effect of damping 
is small and can be n(‘gl(‘(‘t<Ml for all j)ractical purposes in tho8t‘ eases in which the 
incident photon energy is not unnaturally high. The averaging j)rocedure of 
Wilson being a very rough af)pn)ximation, the same problem was again tackled by 
Power by making a dilienait type of approximation. Ibu* idea is that if the effect 
of damping be really small tlnai a solution of the above-mentioned integral equation 
in a serie.s of ascending powtTs of the tim; structure ('onstant may be assumed. By 
this procedure she calculated tln^ lirst extra term (1st order approximation term) of 
the scries, tht‘ zeroeih order term being the usual Klein Nishina term. This extra 
t('rm she actuidly dcmonstratcMl to be sniall, compansl to the other oiu* and con- 
cluded that the elfect of (lam[>ing confirms Wilson’s result. 

Rc(H*nt <*xpcricn(‘e about exf)ansion in powers of the fine structure constant 
shows that in no way can one assure or ascuatain by simple means the convergency 
of such a pro(5<Hlure. In fact one has to consi(h r the radiative corr»‘etions to the 
Compton scattering whic^h has bern considered and (liscuss(‘d in some detail by 
F<*ynman (1919). Due to this obvious n‘ason it seiuns desirabh* to reconsider the 
probl<*m yet from anotluT point of view which in our cas(‘ will b(^ th(‘ semivaria- 
tional prcicedurc of Hsueh and .Ma (1945). The reason for doing this is that though 
approximate tliis method do(‘s not nec(\ssitate any further justification on the pro- 
ccilure (as the convergiuicy of the series in the previous case). It tluTcfore seems to 
be of interest to calculate the scattering cross-section by this procedure and to see 
to wliat oxtiuit the danqiing is effective in such a ca.se. The result of our calculation 
shows that the cffe<*t of damping is really small in conformity with the results 
obtained by Wilson and Power. However, there is a bit of difference. The previous 
('alculations fail to show that the effect of damping is small when the incident 

photon einTgy is sufficiently high, owing to the appearance of the factor log 

in the solution (Wilson, 1941). Though, however, the term does not make its 
appearance in Power’s first order calculation it has not been shown that the same 
feature will occur in the higher order calculations also. In this respect our calcula- 
tion shows that the damping effect remains small with any high value of the 
incident photon energy and even when it is made theoretically incite. Thus the 
Klein Nishina formula remains valid even at high energies. 

We start with the Heitlor’s following integral equation and sketch in short the 
semi- variational procedure of Hsueh and Ma for its solution. 

UwkQ ^ Hkji^ + in j •• •• (1) 
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where corresponds to the initial state, k the final state, k' an intermediate state 
is the number of states per unit energy interval per unit solid angle. The sum- 
mations integration means really the integration over the whole solid angle and 
summation over all directions of polarization. Equation (1) can be written in the 
variational form as follows : — 

2 J [ t^^kko—'^kko + ^W ^ J i/kk C-^k koPk'^^^-k'| p^diik = 0 . . . ( 2 ) 

kok k' 

Now to obtain an approximate solution of equation ( I ) we get, 

t^kko ~ •^’^fkko 

where 2: is a parameter ; equation (2) then becomes, 



-^fkko j^^kok l)“t"i7rU:* ^^^//kk' ^fk'ko = 0 

k' 

(:J) 

which gives 

y+?o 


where 

y = 2 J^kok/fkkoPj^<^^^k 

(4) 

and 




8 =: TT 2 J^^kok^kk'//k'koPj^,Pj^^^*^?k 

(f») 


kkQk' 

One then easily gets the cross-section of scattering as 


= ' ( 6 ) 

where dQ is the scattering cross-section without damping. Our discussion is there- 
fore mainly focussed on the relative magnitudes of the quantities y and 8. 

To facilitate our calculation wo take a Lorentz system in which the total 
momentum is zero so that the photon momenta k and ko are the same in magni- 
tude but only diflFer in directions. Also the matrix element Huko in this high energy 
region is given by Heitler, 1944 

//icko = ^"^kw„ (7) 


where 


with 


A Ti- .1 Moa[(ako)+(a.k)]ao« 
A,,. = U^u+k, 


ao = (a • Cq) , and a = (at . e) 


00 and e being the unit polarization vectors in the kg and k states respectively. 
The reason for writing Eq in the denominator is given in Heitler, 1944. U*6 are as 

usual normalised Dirac wave functions. One also notes that 


_ mo 

we have all through used c ^ 1. 


(8) 


2 
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(/’alcglation of y 

To obtain y from equation (4) one has got to sum over the spin states first. 
The usual {)rocedure is tiien to calculate the spur of, 

« k)+ - KoEo+ko-k 

f Aroao[(a . k)+(« . ko)]a(£^o+^/^“‘* • 

|a«o(Ao+^^-« . ko)+ -^f+kTk j 

= sp. 7oci.(E +P n—a.k)ix(x.o{EQ+P(i—a.ko) 

-f- A“ sp. a[ako4‘tt . kjxyl^,’ — a . k)aQ[(a . k)4‘(a . kQ)]a(£o'l"^f* — ® • ko) 
+ A sp. (Xoci{E+Pfi — ak)a(,[ak4-a . ko]a(A'o+^M — ® • 

+ A sp. a[ak+akf,]xo(A’+j8p — a.klaaol^o+^M — *^o) 

. . (9) 

where 



On evaluation of tlie s[)urs and writing 

008 0=^*^"^^ (11) 

(9) reduces to 

dA*(*)( I + eos 0)-^ 10AA\) [ — io cos 6 — i(eeQ)(ek())(eok)-t-2(e . ko)2(eQ . k)2 

+ 2(e . eo)'-l-,'l( I +eos 0)] (12) 

In the above, and also in the following calculations we have cancelled (1 + cos^) 

with ■ r , the justitication for which is given in the appendix. 

Since now we are to sum ov(‘r all directions of polarization and to integrate 
over (iQ, w'e hero adopt tlu^ following artifice. Let us first take, 


_ [Co X k] 

'■ |[eoXk|j 

and integrate (12) over dQ ; and secondly take, 

e” = il jeoX klxk] 

I [[eoXkjx kl 


.. (13) 


. (14) 


and integrate equation (12) over dQ, the required result is then the sum of these 
two integrals. Performing th('se integrations we get, 


8V [■* 


\XllQ-- A-q/ 


Calculation of 8 

To obtain 8 from equation (5) one has again to sum over the spin states. A 
part of the calculation has already been done by Power which is stated below, 


A/kk' i^k k„ Pk' dQic == — 
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where 


^kko — 'Jw* (X0IXU+ Y |^(® • J^))«^ao« + (®o • k)M*aw 
+c(eo . e)M*« 4- (Co . k)(e . k^)*/;,;/ 


(I = (1+cus 


“ [ « r . 1+3 008 0) 

1 + COS0 ( ^ I— eos0 J ’ 

= r+4»« 


= 2— 

Hence in order to calculate 8 from equation (5), one uses equatioriB (7) and (IfS) and 
calciilat(‘S the sum ov^cr the spin states of, 


which is of the form, 


-4kko 


\Aa+Bh+Cc+Dd\ 


where A , B, C, D are to bo evaluated, they being, 

A =sp. {aoa(£^+iS/i— a . k)aao(Ao+/8/a— a . ko)+Aaoa(^+^/i— jf . k) x 
ao(ak+xko)x(A'o+^/^— « • ko)} 

B = sp. \ olq(E -\-P ^ — ak)aao(^o"b^/^ — fltko)+Aao(i^+/?/x — ik) 


.. (21) 


B = sp. — ak)aao(^o"b^/^ — fltko)+Aao(i^+/?/x — ik) 

X ao(ak+ako)a(fi'o+^/^~*^^o)| +-“^--^sp ^a(J5^+^/i--a . k)aao(A^o+i^/^~^J^o) 
+Aa(£+/3^— ak)a«(ak+o(ko)a{-fi’o+|8/i— ako)| .. .. (22) 

(■^e) “ (■^k^kj"= |(£?+^/i-ak)aao(A’o+^M-ako)+A(£;+^/i-*k) 

Xao(«k+ako)a(£?o+i3iti— »ko)|. (23) 

Calculating the spurs we get, 

4^ = JE?o+M*+{kko)-Ai:o {2(kko)+24:,V4(eeo)2(kko) 

+4(eeo)(eok)(eko)-4ig(eeo)2-2(eko)2-2(Cok)2} .. .. (24) 
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if ” l” |(eko)‘^+(eok)2|+A{eok)2(eko)2-^{kko) [(eko)2+{eok)*| 

-Ali(eeo)(eok)(eko)-A(eeo)(kko)(eok)(eko) . . (25) 

(e^ior • ko)-(eok)(eko) 

ki 

+2A£;o[(eeo)(kko)+{eeo)i'g-(eko)(eok)]. .. (26) 

Equation (20) is now tlu refore completely known. We now proceed to integrate 
over the solid angle dU and sum over all directions of polarization which we do 
just in the same way as in the case of evaluation of y. We therefore integrate 
using once, 

e' = 

! eo X k 

and then 

e” ^ 

i [Coxkjxk] 

and sum the two results. P<Tforming these integrations w'e finally get, 


8 




77r2 . 296 . , 

7o + Oog 



(27) 


82 


From equation (0) we see that the quantity ~ measures the effect of damping 


Wc are now in a position to evaluati' this quantity with the help of equations (15) 
and (27) for different values (^f the incident photon energy. The behaviour of this 
quantity is shown in the following table for all largo values of ko for which the 
ap{)roximation is valid and in w hich ease the effect of damping is not at all important. 


'rAULF. 



137 

1.372 

137» 



1.4.10''* 

‘j.r>. io~' 

1 .2.10''* 

6.2.10"® 


We therefore see that for all values of the incident photon energies the effect of 
radiation damping is entirely negligible. 


Conclusion 

The power series treatment in the fine structure constant of the Heitler’s 
integral equation does not allow one to conclude that the effect of radiation damp- 
ing is really small at all energies owing to the appearance of the factors log 

in the terms which not only increase with k but may make the series expansion 
divergent, and it is not even possible to find an upper bound of k for which the 
series remains convergent. Though the situation was thought to be understandable 
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from the 1st order term, ciilculated by Power which fortunately did not contain 

any such log factor, the calculation does not enable one to understand the 

nature of the higher order terms. In fact the convergency of the series cannot be 
tested for any value of unless one gets an idea of its general term. The semi- 
variational treatment of the integral equation, however, states that even for any 
arbitrarily large values of k the effect of damping is really small. 

The author wishes to thank Prof. S. C. Kar, Prof. N. R. Son and Prof. S. N. 
Bose for their helpful criticisms. 


Appendix 


Let us consider an expression of the form 


we can write it as 


(\ + cosO) 

1 -[" 008 $ -f- — 
2k{) 


I t!^^o 

l+coHd+fx-l2kf) 

now (from the very start) we have neglected quantities of the order of in the 
numerator (Heitler) and hence wo write, 

l+cosS 

I +CO8 0 + /i-/2fco 

However, we can show that even when the part neglected above be taken into 
account its integral will again go to zero as is made zero as it should bo. This 
is as follows : — 


J' [lb/* ' }<<««.«)- Ij [ l«s 


and this ->0 as 


2kl 


► 0 . 
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ON THK PROBLEM OF SOFTENING OF RADIATION BY MULTIPLE 
(’OMPTON SCATTERING IN STELLAR x\TMOSPHERES CONTAINING 

FREE ELECTRONS 


61/ K. Iv. Sen, (J hander ymgore College 
(Communicated by N. R. Sen, F.N.I.) 


(Received February .9; read May 7, 1954) 

ChandraBokhar (1948) in liia treatment of the transfer of radiation in a plane 
parallel, <4ectrnn scattering atmnspluro vvorkerl out the modification of radiation 
of a particular wavelengtli caused by multiple Compton scattering to the first order, 
by his new method of aj)proximation. The coefficient of scattering was assumed 
to b<^ indcperahuit of the wavelength as in Thomson scattering and the Compton 
change in waveh rigth given by 

= y(l — cos 6), whore y = — , 

me 

was taken into account. The scattered intensity was expanded in a Taylor’s 
series in powers of y (eqn. (5)) and only the term proportional to y in the expansion 
was tak(?n for subsecpient calculation in an isotropic conservative case. The 
(‘Xternal boundary condition was simply the absence of incident radiation, while 
the internal boundary in the form of an infinite ])lano surface was supposed to 
radiate with a known spectral distribution. The intensity distribution in a spectral 
lino when plotted against the wavc'hmgth shift showed a displacement of the maxi- 
mum in tlie right direction, but a finite part of the distribution of intensity 
corrcKSponded to negative values of the waveLuigth shift. This error was sus- 
pected to b<' due to the approximation involved in using the first term in the 
Taylor’s stories. 

It was thought worth while to consider the contribution of the second terra of 
the Taylor’s series, prof)ortional to y^. This has been carried through in the present 
paper. The method of solving the boundary value problem followed here is, how- 
ever, different and is dejumdent on expansion in trigonometrical series. It is found 
that the use of trigonometrical s(‘ries in the problem of this kind is quite handy 
and appropriate, and yields raj)idly convergent series for calculation. 

The results of the second order calculation considerably reduces the error 
mentioned above. The correction term is negative all throughout, so that the effect 
of the second order term is to lower the intensity curve. The shift, however, is 
of the right type and the shift of maximum is slightly increased. The contribution 
of the second order term cannot thus be called negligible. It appears quite 
plausible that a calculation up to third order will again slightly raise the curve, and 
may give non- negligible contribution. 

§ 2. The equation of transfer appropriate to the problem is given by (p. 509, 
Proc. Roy, Soc.^ London, Vol. 192, 1948) 

~ /(r, /i'. A— y(l — cos .. (1) 
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where y, the Compton wavelength is given by 

y = A 024 /I, .. 

me 

^ = cos & and t, the optical thickness is given by 


T = J pa dz, (3) 

where p is the density and a the scattering eoeflieient. / {t, / 4 ,A) is the specific 
intensity of the radiation of wavelength A at the optical depth r and in a direction 
to the outward drawn normal. 6 is the angle of scattering and 

cos = /i + (1 — /i^)^(l — cos .. .. .. (4) 

The source function represented by the second t(*rra of the right-hand sk\o of 
eqn. (1) means that a radiation of wavelength A— y(l— cos 0) in the direction 
(/i\ (f>'), when scattered in the direction (p, 0), will have the wavelength A. 

VVe shall now suppose that / (r, A— 7(1 —cos 0)) can bo expanded in Taylor’s 

series, so that 


/(r, A— 7(1 — cos 0)) = I(t, //, A) — 7(1 — cos 0) 


9/(t,//,A) 


1 7“ / 1 n > /^^ A) 

The equation of transfer on substitution of this becomes 


dl(r, p. A) 


= /{t./j. A)— . 


I(t, h. A)— y(! — 


9/(t, /t', A) 


when second order terms of Taylor’s expansion are retained. 

In solving this equation, Chandrasekhar’s method of replacing the inte^grals by 
sums given by Gauss’s formula for numerical quadratures, has l)een used. Thus 
in the n-th approximation, 


A) . . 

— w = /<(t, A)- 




I '» 2 2 i 


1 2 1 


4^0 d>( 


where i = (±l,±2 ±n),j = (±\,±2 ± re) .. (7) 

where ft/s are the zeros of the Legendre polynomial the a/s are the 

appropriate Gaussian weights. 

= a_y and i = ± 1, ± 2 ±n. .. .. (8) 

Now restricting ourselves to the case of first approximation only, we put 


®+j = ~ 1 and 


Vs’ 


( 9 ) 
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Eqn. (7) gives the following two equations : — 

1 yzaa/^ ^2 02/, 1/ v 

w'3 5 t' 3 0A' '3 0A 6 "0A2 2 9A2 2\ +' -i/ ’ ' 


1 I , . y^^-i y^ ^*-^-i _ Wr _r \ /ijv 

y'lj 0T 3 0A ■*‘3'^0A 2 0A2' 6 0A2 ~2\ +> -i/" ' ' 

Xow introducing the variables 


= and y = ^(a-Ao) •• 


. ( 12 ) 


wliero X^J is some suitably chosen wavelength of constant value, equations (10) and 
(11) < an be written in the following forms : — 


V3^'h 

1^/r, 

39'“'/,, 

‘j92/_, 

1 , 


"’ 2 " ' 0.r 

2 3?/ 

8 8 ay2~ 



+ 9, -^ 2 0y 

_9 9y/„_3 9’^^, 

= 1/ 

/ — / 1 

2 0r 

8 0//2 

8 0y2 

2 i 

^+1 / 


Adding (K>) and (14) and writing 

K(.r,ij) = /,,('•,//) + /_,(.»•,?/) and //(.r,?/) = 

we get 

\/3 dK I 9// _ <1 d'^n _ 

2 d.r 2 dl} 4 9?/2 “ 

and also subtract iii>: (14) from (13) 

3// 3A' d-A 

3,r “-'’Tr **■^'•^3^2 ==" 


To satisfy (17), we write 


^ “ ” 0.r ■ “ - '' '*r “ 3y 0y^/ 


Substituting these in eqn. (10), we get 


3- A 3 3'F _ '"j „ 9^ _ 

0.‘r2 ■+■ 2 d//i 2 3//3 07/2 “ 07/ “ ^ • 


From equation (18) wo obtain 


= = .. .. « 
and /..(r,j,)_A--//-j[|?_V3(^-0)] (21) 

The boundary conditions are — 

(i) existence of a known spectral distribution at the lower boundary denoted 
by T = Tj or ; and 



COMPTON SCATTEBINO IN STELLAR ATMOSPHERES 


533 


(ii) absence of inward radiation at the upper boundary denoted by t =« 0 or * « 0. 
These boundary conditions are equivalent to 


1 /-rildF d^F\' 

+ = . =« known function of y = ^(y) .. (22) 


and 


\dF y~(dF 

[dx * ( i)v 0 


(23) 


The problem before us is to solve eqn. (19) under the boundary i^onditions (22) 
and (23). 


§ 3. The boundary value problem formulated in § 2 can b(^ solved by the 
method of expansion in trigonometrical series. 

Let us take as trial solution of (10) ♦ 


F{x, y) = ^o(‘^*“+//)+ + ( 24 ) 

Substituting in (19) we obtain 

m 2 =5 3/^2 ( I _ j ^ / /|(2 — 5 H^) 

= + (say). 

Hciico m = ± ((x„ + ip„) ( 25 ) 

where a„^-^,2 = ;j„2(i_j«2) (26) 

and 2a„j8. = m(2— |7i2) (27) 


From (27) it is clear that when 7i is a positive integer, a. and will be of opposite 
signs and when 7i is a negative integer a„ and )S„ are of the same sign. It should 
also be noted that as n approaches zero, a, and will be of the same sign. 

.Now from (26) and (27) w'c have 


= J ?n8_ y .«o_„4 + 4„2 (28) 

and from (2b) and (28) 


w8-^n8-«4+4TO2_'^„2(l_^n2j . . .. (.30) 

when 71 is a positive integer. 

We see that the solution of (19) can be expanded as the sum of the 
following series 

F(as) = .4,(*«+!,)+So*+««+ J 

n = 1 


♦ The first two terms in eqn. (24) have been introduced to adjust the boundary conditions 
of our problem. This will be shown in f 4 and | 7. 
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and w havini^ only integral values. Writing the solution in the real form 

■r, 

fXr, y) = /lo(^*+y) + ^o-«+«o+ 2 1 () 8 ,x+W 2 /)+ 6 , sin (^,x+«y) j 


cos {p„x—ny)+d„ sin {P„x—ny) | J 


.. (32) 


dF dF 


§ 4. Now substituting in the boundary condition (23), the values of and 


d^F 

derived from (32), wo g(*t 

oir 


/io-V3^1o+ 2 J'^n'^)-rbJ P»— + J 5 n^) 

n 1 

+ d« (i3„H-73?o|' <'os )iy 

+ ;Ma«-V-^»‘‘')--"-.(/ 5 „-s' 3 / 0 +'-„(/ 3 „ + v/ 3 «) + '/„(a„ + V 3 w 2 )| sin H?/j = 0 , . ('Xi) 


.From this it is clear that tlu* individual coefKcients of cos /?y and sin /u/ are zeros. 

Fq = ^3^0 • • • • • • • • (34) 

and 

_ (^.r+i3«--3n^--3//^)r„+2^/3/d/^^^ 'j 

_ 2v3/d^'^u-~*aJr,~(a,;^ + i8,/"--3/e^_— 3/^4)^^^^ •• •• 1* 0 


Now substituting in the Vioundarv condition at the lower bound of the atmosphere 

,dF dF d-F . , 

given by (‘(piation (22) th(‘ values ot and derived from (‘quation (32) and 

simplifying, we find that 


I { /yo 4 - 2 . 4 o.*‘i + v 3 .Io 1 + ^ j ,^/^‘'>|(^'u(a,, + v/ 3 // 2 ) 4 -i'>,,(^,, + ^ 3 / 0 ) ^„;r, 

o . I 

sin I 

+ ic"®"'' [(^.,(^„ — n/3w) — — 73«2)) cos 

— — ,/3>t“)4-r„(^„ — ^3M)) sin ^„3•^ |j cos iiy 

r 

+ 2 ' [(Ma.i + v/3«2)— a„(^„+.y3«)) cosj8„r, 

n ^ I 


— {fni<X;+J^n^) + b„(P^ + jSn)'^ sin )S,Xi|- 
+ Je — 73«®)+c„(/}„ — 73?!)) cos /3„.ri 

+ (rf»(^»— N/ 3 n)— c,{a,— V 3 n*)) sin (S„Xi|J sin ny 
= ’p{y) ( 36 ) 
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We now assume that the distribution at the base of the atmosphere is eapablo of 
Fourier’s expansion in the form, 

/ / 

(/f (v) = ^^ 0 + ^ A,/ ros /#//+ N B/ sin xi/ . . . . (37) 

M ~ 1 n m [ 

Thus comparing the coefficients of cos //// and sin /?// in {3()) and (37), luul replacing 
in them values of Bq, and by (34) and (35) it viwx be sliown that 

d ,/ = .4/ -f A .. (3S) 

/V- (39) 

do == vl()(<*i + ^/3) .. .. .. .. (4(j) 

when' 


,, , yn-c, ( (*,,+^,.~3n + + — + 

M„ = c < — , cos fix. 

(a;+i9;^-3«2-3«‘) (fi,.+j:in)-2j:h,{>'Sn-y„) (a, + 73«*) ^ 

— - - sin B„xt 


.1 e { (a„ — 73^/2) ,.,)s + V3«) sin } . . • . (41 ) 


and 


.\„= i « " ' < ■ - - - - „ - -coa8„a'.i 

1 (a,-73a2)-+(^„-V3/0“ 


(a;-;+i3“-3H2_3«'')(a,, + V3«2) + 2V3/7(//^,.-aJ(8,, + v/3R) . ^ ) 

^ 8intf„.r, ). 

+ i e “ [ (^„ — J'.Vn) cos ^„x^ — (a„ — sin 8,,-r] } . . . (42) 


From (38), (39) and (40), it can be shown that 


d 


0 


A I 


and 


ti * n I 

na :-m „ n; j 

w * n ) 


(43) 


(44) 


From (43) and (44) it is clear that Aq, and d„ can be evaluated when the values 
of the Fourier coefficients are known. iM„ and N„ can be calculated from (41) 
and (42) for different values of n). And from (35), we can calculate the values of 
a, and once the values of c„ and are known. 

§6. Thus completing the determination of constants c„ and as in §4, 

it is easy to find out the values of K{x, y) and H(Xy y) at any level of the atmos- 
phere (equation (18)). But we are mainly concerned with the distribution of the 
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emergent railiation at the outer boundary of the atmosphere. This from equation 
(32), and equations (18). (21) and (20) is given by 

X 

V) = v/3^<0+ 2 [ {(«,-c,)a«+(^n+d,)^4 COS ny 

n« 1 

+ { (ft»+d,)a„— (a„— c4/S„ } sin «yj . . (45) 

where and are given by the method described in §4. 

§0. It has been supposed that an infinite plane surface is radiating outwards 
uniff)rmly with a known spectral distribution. Above such a radiating surface 
there exists an atmospheres of free electrons which modifies the distribution at the 
base. The expression for th(‘ modified emergent radiation at the upper boundary 
of the atmosphere has been given in §5. 

J^^t US suppose now that the spectral distribution at the lower bound of the 
atmosphere is given by 

^{y)=4=®’'* 

V TT 

VVe expand this in a Fourier seri(^s of cosines between — tt and +n as follows 

1 2 n^/l 

0(t/) == P ^ y e ^ cosny (47) 

•JT rr 

n« 1 

This range (— tt, tt) practically covers the significant part of the function 0(?y). 

Then in equation (37) 

-i; = -• < . do' = -- and iS; = U (48) 


From (43) 


and from (44), 


*lo 


1 

iT(.rj + ^3) 


2 J/, 

< . = -- T...— « 


and = 


(49) 


(50) 


and a, and are given by (35). 

For a particular value Xi or ti (the optical thickness of the atmosphere) 
the vahio of if, and are obtained from (41) and (42) for different values of n. 
These values are used for determining the constants a„, c* and d„. Substituting 
these in equation (46), we can find out the value of Z+dO, y, ^), the emergent radia- 
tion from the outer surface of the atmosphere, when the distribution at the base is 
given by (46). The values of /+i(0, y, ^) obtained for = 1 or = f are shown in 
the thM column of Table 1. 

§ 7. To compare the effect of retaining the second order term of Taylor’s series 
in the representation of /(r, A—y(l— cos 0)) it was thought worth while to 
repeat the calculations by the present method of expansion in trigonometrical 
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series for the case obtained by retaining only the first order tt^rm of Taylor’s series 
and compare the results with those obtained by the use of Green’s function by 
Chandrasekhar. In this ciise of first order calculation the equation corresponding 
to equation (19) will be (cf. Eq. (23), (20), (21), p. 511, Proc. Ron. Soc, Lomhm, 
Vol. 192, 1948) 


y) d^s(.r, n) a,s' 

au-2 a v-i - a.v ■ ■ 

.. (51) 

where 


^+iU, y)—i-\{x, y) = s/3 

. . (52) 


. . (65) 

The boundary conditions are representable in the present case 

as 

^ ~ ^ known distribution in 

y . . (54) 

and 




.. (65) 

Taking a trial solution of the type 


.9(0*, y) = Ao{-^^+y)+Bo^'+Ae”*^^*”^ 


as before, the general solution can be written in the form by a 
arguments as 

similar typo of 

x> 

■s{.c, y) — /lo( 2 :‘^+ 2 /)+iBoa:+ao+ ^ [e*"'* \a„' cos {^„'x+ny)-\rb„' 

n sz \ 

sin ()S,'ar+tty)| 

cos (P„'x—ny)+d„' sin (/3/a;— wi/) j] 

. . (66) 

where 


= ^i{n^ + Vn*+^n^) 

. . (67) 


. . (68) 

Relations corresponding to equations (26) and (27) are now found to be 


. . (69) 

2ot = 271 

. . (60) 


for n positive, and will be of the same sign, and for n negative, and 
will be of opposite signs. 

Now applying the boundary condition (65), and putting the coefficients of 
cos ny and sin ny individually equal to zero, we get two relations between the 
constants of the type, 

= JZAo ( 61 ) 
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rt - = - - 


(a/2 + _ 3„2 )c,' _ 2 VSwa/d/ 


a/2 + (^/-v/3«)2 


} 


( 62 ) 


2J3«a,V/+(a/2^+_^/2-3w2V// ( 

J 

Now from the boundary condition (54), we got 

*1 ^ 

J {/io + 2d„.r, + v/3do} + 2 [b''*"'"'' •[(o/a/+V(,8/4-v/3»)) oos^/xi 

n ^ 1 

+(('/«/— «/(^/ + V3«)) sin ^/.ci I 

+ [(^//(0/-^/3«)-c/a/) oo8i8/:r, 

— (d/a/+c/(^/ — ,,/3«)) sin )8/.ri] j cos «»/ 

f 

+ V ' + cos jS/.'c, 

— ("/«/+^’«'((5/+ v3«)) sin 

+ '■> [('//(/3/ — 73?0 — '•/a/) sin ^/.ci 

+ {<l +r,;{P„' — J^n)) cos iS/a’i]] sin ?/// 

= <A(//) 

As l)ef<>n\ th<* distrihution at th^> hasa is supposed to bo capable of Fourier 
expansion 

u -r 

0(//) — d()'+ ^ /!/ (‘OS ^/;/+ ^ /?/ sin . . . . (64) 

Z— / ’ 

H I M I 

(comparing the coofticioiits, wo find that 

d/- Af/r/ + AVd/ (65) 

«/ = N/c/-3//d/ (66) 

do'= .4o(.r,+73) (67) 


(63) 


where 


.f ^ J_ 2/3a«/2 + (a/2+/?/^'-3«2)(5/4^3^ 

, (a/2+j8/^’-3«2)a/-2,/3»a/(0/ + V3a) ^ , | 

+ a„'2+(^/-73«)2 

— ie"’*'-'’! { a/ cos /3/.r, +0/— 73n) sin |S/a?i } 


(68) 


and 




- ua.'.rJ_(^."H/?/“-3«"-)a/-2V3««/($/ + V3«) . . , 

— «« 'I - "OaTT >„ /o;,^2' »in Pn Tj 


a/2+(j8/-V3R)2 

2v/3aa/2+(a/2+|8/2-3«.2)(/3/4-73«) 
+ {(/S.'-^Sw) cos/5/xi— a/ sin ^/x,}. 


COS 


i8/xi{ 


( 69 ) 
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From (65) and (66) it is seen that 


ami 


n:a,'^m:b,: 


(70) 


(71) 


It is clear from (70) and (71) that r„' and can be determined, wht‘n tlie 
values of A,/ and J5,/ are known. We can calculate the values of and from 
(62). 

It is now easy to find out the value s of /^j(.r,2/) and /^j(.r,y) at any depth 
(equations (52) and (53)). But wc arc mainly concerned with the intensity distri- 
bution at the outer surface of the stellar atmosphere and this from (52), (53), (56), 
is given by 

y) = 73-40+ ^ (/),,' 1 cos uy 

n=r 1 


+ \(K' —(<fn —Cn )fia | siH "//] (72) 


Again supposing that i//(y) == rre* , and expanding in a Fourier serii's in 

V IT 

cosines as before and comparing the coefli(uents we g(»t from (equations (67), (70) 
and (71) 

™ 


and 


,_2 M/c-”"/' 


; • 


(74) 


The constants a„' and are given by (62). 

For a given value of xi the values of and N„' have been calculated, and 
these values are used to determine a„', c,/, d„'. From (72), wc obtain the values 

of emergent intensity at the outer boundary of the stellar atmosiihore, when the 

2 

intensity distribution at the base is given by 0(y) = — . The results for 

V ^ 

0 :^ = 1 or Tj = § are shown in the first column of Table 1. 

§ 8. The second column of Table 1 contains the values of the intensity obtained 
by the method of Chandrasekhar (1948) in the case discussed in § 7. Chandra- 
sekhar calculated the values of 8) for diflFerent values of y (Radiative 

Transfer, p. 332) supposing the distribution at the lower boundary to be 8{y). It 
was also mentioned that the solution for any other di8tributi(m ^(y) at the lower 
bound of the atmosphere could be obtained by 

y, ^) = f 2/— S) ^7 


•OTi 


(76) 



t 
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In the present paper we take 

Hv) - - 7 = 

V n 


and 


/ fi(0. y, 8) = ‘^c«' 

TT 


ip cos Py+fiq s in py)\/l+pi 


( 76 ) 


(cf. eqn. (104), p. 333, Radiative Transfer.) 

The values of /fi(0, t/, 4t) have been calculated for values of y ranging from 
y = 1, to y = 3, using the values of /+i(0, y— 8) from Chandrasekhar’s Table 1, 
(Proc. Roy. 80 c. (l>)ndon), Vol. 192, p. 516). The values of l+i{0,yyip) for y*a 
beyond this range are not calculated, as these cannot be obtained from the data 
of the Table 1 mentioned above. It is found that within the range allowed by the 
table, the values obtaine<l by the method of trigonometrical series followed here, 
agree completely with those obtained by Chandrasekhar’s method. 



Rg, I. 

The abscissae y denote wavelength shifts in units of | Compton wavelength and the ordinates 
^+1 (0, y, 0), the emergent intensities from the outer boundary of the atmosphere. 
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Tablb 1 


0 

05 
10 
I '5 
2 0 
2-5 
30 
3 142 


y. 0) 
First approx, 
(with first order 
term in Taylor’s 
series). 

034 
041 
0 40 
033 
0 24 
0 16 
Oil 
0 09 


Kirst approx, 
(by Chandra- 
siikhar’s 
method). 


040 
0 33 
0 24 
01 6 
0 11 


1/, ^) 

Second approx, 
(with 2iui onler 
term in Taylor’s 
series). 

030 
033 
0 34 
028 
0 17 
0-05 
0003 
0-003 


§9. The comparative results of the first and second order calculations are illus- 
brated in Fig. 1. It should be romembored that y moans wavelength shift in units 
of ^ Compton wavelen<^zth. It is clear from Fig. 1 that in passing from the first to 
the second approximation the shift and intensity distribution are affected to a 
marked degree. The second a])proximation curve is drawn in dashes and the first 
approximation results arc traced as dots and dashes. The additional term of 
Taylor’s series which we have included for the secajiid approximation makes negative 
contribution to the intensity. Tims the reduction of intensity for different values 
of y is evident, and this overall lowering of intensity hmIucos tlu^ error of the first 
order calculation noticed by Chan<lrasekhar. There is possibility of the intensity 
curve being again raised a little, if wo include the third order term Taylor’s series in 
our consideration. 

It is clear from tin* above treatment that the trigonometrical series gives us a 
very effective method of treating problems of this tyj)o. The agreement between the 
results obtained by th(' present method and that of Green’s function used by 
Chandrasekhar, show that the accuracies obtained by the two methods are practi- 
cally the same. The series representing Z+i (0, y, ift) is highly c(mvergent and hence 
easy to calculate numerically. 

The problem of transfer, allowing for the partial polarisation f>f the scattered 
radiation is also being considered by the same method. The results will bo 
published shortly. 

In conclusion, I have much pleasure to acknowledge my indebtodm^ss to Prof. 
N. R. Sen for many helpful discussions and encouragement during the preparation 
of this work. 

Abstract 


The problem of Hoftoiiing of radiation by inultiplo Compton Hoattoring in HUjlIar atmos- 
pheres containing free electrons, lias been soIvvmI in the first approximation (in Chandrasekhar’s 
method of solution by Gaussian approximation) by the method of trigonometrical scries. The 
intensity distribution at the outer surface has boon calculated by retaining the first and the 
second order terms of Taylor’s expansion of scattered intensity. The first order calculation 
by the method of trigonometrical series gives result which is identical with that found by 
Chandrasekhar’s method with the aid of Green’s ftmetion. The second order calculation 
considorably reduces the error which was noticed by Chandrasekhar in the first order 
calculation. 
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A MATRIX TREATMENT OF FOUR-DIMENSIONAL ROTATION IN 

HYPERSPACE ♦ 


by N. N. Ghosh, Department of Physics, Calcutta University 
(Communicated by S. N. Bose, F.N.I.) 

(Received Febuary 0 ; reud August 6, J9oi) 

A vector in ti- space rotatini' about a point can und(Tcro all types of 2r-dimen- 
sional rotations, where r admits of all inte^Tal values such that 2 < 2r < n. It was 
shown in a previous paper (Ghosh, 1948) that the general rotation of a vector X 
about the orii'in with eo-ordinat4\s (^j, . . . x„) n ferred to a rectangular system 

of axes in a Eiujlidian a-space can be represented in symbolic form by means of the 
orthogonal transformation X->X\ where 

X' = e^X = (1.1) 

Q being the skew-symmetric matrix of rotation (co,;) of rank 2r and QX denoting the 

n 

vector y with component .s //< = In the case of a four-dimensional rota- 

; - i 

lion is of rank 4 satisfying tlic characteristic equation I 


where 




Jh‘ 


Pi 




*.) 




( 1 . 2 ) 

(1-3) 

(1.4) 




On reducing the exponents of Q in (1.1) below 5 by meiins of the relation (1.2), 
we obtain 


X' = X+fi{puP2)iiX+f2{-puP2)Q^X+fi(f>i,p2)Q^X+fi(pi,pi)Q*X, 
whore 

— Wo® 




fliPU Pi) = 


P". ,pyP£_ prP2^- P2° 
7! 9! 


•f . . . . 


f ^ ^ Pi*P-2*-P2^ , 

fi(Pi> Pi) 2 ! 0! 8 ! 10 ! ' 

fiiPuPi) = 3-, - 5T + — 7I 9 T + 

f{j, -n \ ^ , P\*-Pi* Pl^-'^Pl^Pi^ , 


) ( 1 - 6 ) 


101 


♦ Read at the 4l8t Se>«ion of the Indian Science Congress, 1954. 

t If o)^j is of the form where a’s, ^’s, y*8, S’s, are the components of 

four arbitrary vectors A, B, C, D, the matrix Q is of rank 4 and the rotation takas place in the 
four-space spanned by i4, B, C, D. 


VOL. XX— JMo. 5. 
3» 



K. N. GHOSH : A MATRIX TREATMEKT OF 


543 ^ 

The object of the present paper is generally to deal with a four-dimensional 
rotation in /t-space, showing that it can always be performed by two suitable plane 
rotations, and to study some of the properties of the four functions/ of two argu- 
ments pu Pt involved in (1.5). 

2. By a straight-forward calculation it is easy to obtain successive terras in 
(Lb). We notice that corresponding terms in /j and have the same numerator, 
as also those in/s and/ 4 . Denoting the numerator of the (Jfc-f l)th term in either 
/i nr /2 by ak and that corresponding to either /s or by Ck> it (*an be vcrilied that 
they satisfy the following recurrence relations : 

ak = — pi-—ak -2p2^ {k = 3,4,5, . . .), ^ 

Ck — —Ck^\ Pi^ — Ck-z pt^ (i = 2,3,4, .. .), (2.1) 

ak^-CkiPt^ (*=1,2,3,...) ) 

with 

«o = Co = 1, Cl = — 

We make now some further observations on the transformation (1.5) : 

(i) If the vector X remains invariant, that is, if X* = X, then X must satisfy 
the linear equation 

I2X = 0 (2.2) 

and since Q is of rank 4, all these invariant vectors lie on a (a— 4)dlat. 

(ii) If = 0 , the matrix Q is of rank 2 aiid satisfies the characteristic 
equation * 

i:>3+pi‘^r^ = 0 (2.3) 

The reduced expression for X' in (1.5) then becomes (Schwerdtfeger, 1945) 

X' = X+ — QX + Q^x (2.4) 

Pi Vi^ 

which corresponds to a plane rotation. 

3. To examine more fully the structure of the functions / let us start with the 
roots of the algebraic equation 

x^+p{^x^-\-p>i^x 0 .. .. .. .. ( 3 . 1 ) 

which we denote hy 
80 that 

P2^ + P,^ - Pl^ = P2^ b3.2) 

Since now the relation 

\+xfi{pi,p2)+x^-h(PuP2)+x^fz{p^,p^)+xAf^(p^,P2) . (3.3) 

holds good only when x satisfies the equation (3.1), we get the following act of 
identities 

= •• ( 3 - 4 ) 

•• 0-6) 

* If is of the form , where a*s and are the components of two arbitrary 

vectors A and J5, the rank of the matrix f? is 2 and the corresponding rotation takes place in 
the plane of .4, B. 
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whence 

sin p 2 — ^2/1 CO® ^2 = 'I 

sin ^4 = cos Pi =a J 


iSijIvinf.' these equations, we get 


fi(Pi,Pz) = 
fz(P\,Pz)=^ 
fz{V\<Pz) = 
h(Pu Pz) = 


Pi^ sin Pi—Pz^ sin p^ 
Pi‘^(\—COB 02)— j92‘‘(l— ‘"OS Pi) 

P7^Wi^-pp-) 

Pi sin P 0 —P 2 sin Pi 

PzPiiPi^~Pz^) 

PiH[-v.mPj)-p.2^(l-ioB^i) 

' ■ 



(3.7) 


The equations (.3.(5) and (3 7) show the connection of /-functions with the 
circular functions. It should be noticed that the e.^pon aits of 02 or 04 greater than 
4 arc reducible by means of the ndutiori-s 


02 *''- = (-|)V 0»-«*i3) 
p^'‘+' = {-\)\ckPi-<ikP-) 


(^= 1,2,3. ..) 


(3.8) 


where )3 Htands for cither /^4' explicit expression for the coefficient Ck is 

given by 




Pi 


2^+2 o 
~“P2 


Pi—P2^ 


(3.9) 


4. The four functions / satisfy among themselves two identical relations 
which may be derived as follows • 

Squaring (3.()) and adding, vve have 

siu*)3.2 + cos^02 = 1 = {PJi-Pz^h)- + { 1 -Pz-fz+Pz^hr^. • ■ (d.l) 

8in% + eos'^04 = i ={pifi-PM^ + (l-^iV\+PiW- •• (-l-^) 

Siniplifiing (4.1) and mnking use of (3.8) to reduce the exponents of po below 5, 
vve got finally 

0={/e-2/2+«,(/82-2/2/4)-«.2/4n+i322{/22 + 2/4-2/,/3-Cj(/32-2/2/4) + C2/42}. 

Similarly, from (4.*J), we got the sami' equation with replaced by ^942. Hence, 
the req^uired identities are 

fi--yz+(h{f3--’Wi)-«zfi^ = ^> ) 

fz^+ih--^fih-Ci(h^-Wi)+<-zfi^ = t>. ) 


T). We now proceed to show how the general four-dimensional rotation is 
obtained by two suitable [)laiie rotations, the rotation in either plane being indepen- 
dent of the rotation in the other. 

From (1.5) we see that the four-dimensional rotation operator A is of the form 
A ^ .. (6‘1) 
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where E denotes the unit matrix. Utilizing the explicit expressions (3.7) for the 
functions/, the operator A takes the form 


A =5 if + 


sin 

'IT 


( X 1 -0O8/S.. ( I 


sin Pi f PiHJ+i2^ { 1 -cos pt \ p.i‘Q^+Q* ) 

Ti ^ M yp?-^\ 


Let Tg and Fi denote the matrices {Pim+Q'^)l(pi'^~Pz^) and {p-2'^i2+Q^)l{P2'^—Pi-) 
respectively ; then r 2 +ri = Q, 


W-W = ^4.A=0. 

Consequently, 

Fi^^QFo, ^42 = ^?^4, /v+r^ij==L)2. 

Written in terms of F^ and F^ the operator (5.2) the re fore^ becomes 
A = £+ /-,+ - A+ -^v-~ -r,«. 


(5.3) 


(5.4) 


Siiie ‘ A. /\ = 0, the above admits of being written iii the product form 


' Pi 


C 4 + 


I — cos Pi 


Pi 


. ^-“ ^2 fid- 


sin ^ 

l^z 


^2 + 


1— COH^i. 


^ 2 ) . . (.5,5) 


wIktc the order of rotations due tf) F^ and F^ in immaterial. It may be seen that 
r 2 and Fi are of rank 2, satisfying the characteristic equations 


F^^+Pz^F^ =0, Fi^+Pi^Fi = O respectively. 


(5.(5) 


Let us represent the rotation of X due to Fn by X^' and that due to Ft by X^ as 
in (2.4). Then Xz'—X will repre.sent all vectors lying in the plane of rotation of 
F 2 , while Xi'—X will represent those corresponding to F^. Now from (2.4) 


Thereff>re 


Xo’-X = 


sin P 2 

P2 


rjZ-f 


1 — cos ^2 


F.^X. 


Fi(X^-X) = U. 


(5.7) 


Thus all vectors lying in the plane of rotation of F^ belong to the invariant 
(n— 2)-flat of Fi- Similarly we prov<? that all vectors lying in the plane of rotation 
of Fi belong to the invariant (a— 2)-flat of F.> It must be noted the (n— 4)-flat 
defined in (2.2) remains invariant for both F^ and fi^. 

Let A denote the transposed of A, then from (5.4) we have 


A — A _ sin ^2 ^ , sin p^ 

2 “ po ^^+>4 *’ 


( 6 . 8 ) 


A + A I,. . l-cos^2 n 2 1 1-c 08)34 p , 


( 6 . 9 ) 


Representing (A — a) i by it may be proved that ^ satisfies the characteristic 
equation 


<f>^+qiH^+qt*4> "• 0 


.. ( 6 . 10 ) 
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where 

- ein^ 8in2^4. 

ThuB oorrfiHporKlinf.' to >i pair i>f characteristic roots ± i sin ^o* of <f> there is a 
pair i i fitk of ii. To cx[)rc8s iJ in terras of (f> we raay, however, use the determi- 
nantal equation 

I W P2 /^4 ; 

I <f> Hill sill ^4 1 = 0 . .. .. .. ( 5 .U) 

— Hin% 1 

The Hyinnietrie operators (f>-, .... are all expressible in terms of and 

W^e observe th.jt in (5.9) the operator —E, which vve denote by 0, is 

Hvmmetrie firal irnM)lv( H and /V- express rp in terms of <{)- and we 
make use of the followin;^ fleterminantal equation 


10 1 1 
! 0- 1 +('us 1 d-eoH 

1 —0^ sin-d.d I +(‘Os /?2) sin*^^4(l +cos 


= 0 . 


(5.12) 


The ahfe/( yhdd.s a notubh' [iropfTty of the ort hogonal matrix A of order n 
and rank 4. 

0. I.(et us next consider the ease of a four-dimensional rotation in 4-8pace. 
U is now a matrix of ord<'r 4 afi<l rank I. The structure of the functions / remain- 
inj^ unchan^^ed, ttu^ values <4* the arguments are i^iven by 


/M + + + • • • • (0-1) 

=. — ^^13^124 1401 .23)-. . . . . . . (6.2) 


intnxliieinp: the <‘onju^ato matrix D*, we liave the following well-known 
relations 


LH>^ = -P:^E, 

iP = — /> I -Q + p>^Q* , ( 

L}*'^^:=. -^p{^Q*+poH2. . 


(6.3) 


The four-dimensional rotation operator (5.1) now reduces to the form 


+ .. (6.4) 

which, on subsStitution from (3.7) becomes times 

{ cos ^2-(3.r COB pt)E+(pi sin sin /Sj)^ 

+ {^k»inPi—p.;.8mp^)Q*+(co8P2 — 0O8Pt)Q-}. (6.5) 

The matrices /\> and F 4 are now expressible as 

( 6 . 6 ) 

= (6.7) 

and being of rank 2, they determine the component plane rotations (Cole, 1890) 
as in (6.6). \ / 



TOTTB-DIMBNSIONAL EOTATIOK IN HYBSESPAOB 


647 


7. We conclude this paper by proving that /-functions with multiple argu- 
ments rnp 2 ) are in general expressible in terms of /-functions with arguments 
(Pi» Pt)- 

Consider the equation 

+ = 0, (7.1) 

where in is a positive integer. The roots of this equation are related to those of 
(3.1) and are 0, iimjSo, ±imj34. Reducing e* by means of (7 1) it follows that the 
relation 

4 

e* = WP 2 ) (7.2) 

Ss= 1 

holds good if x satisfies the equation (7.1). Substituting a root x in the 

above and referring to the relation (3.4), the left-hand side af (7.2) can be written 
in the form 

(7-3) 

Reducing the above to the form which does not involve powers of greater 
than 4, by means of the relations (3.8) and computing similar coefficients together 
in (7.2), we obtain the required formulae. 

Thus, for m = 2, we have 

2/i(2pi, 2p2) == 2/i + 2ai(/i/4-f-/2/3)+2a2/3/4, 

2%{2pu 2P2) = 2/2+A2 + ad/3- + 2A>/4)+a2/42, f . 

2Y3(2pi, 2/>2) == 2/3 + 2/i/2 + 2Ci(/i/4+/2/3) + 2r2/3/4, C 
^WPu 2P2) = 2/4+/o2 + 2/i/3 + cd/32 + 2/2/4) + C2/4‘^. ^ 
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I . Introduction 

fTirnchfcldcn' ami lloscvc.arc (1939) proposed a state equation, for high temper- 
ature and pressure, in tie* virial form, with (expansion in terms of in which the 
second virial coolTiciiuit is, a- usually determined in the theory of slightly imperfect 
gases, and liighcr • oefheieuts iiiird and fourth arc retained in terms of the second, 
as found out by lioltznumn (1‘KhM. Ilap|)el (1909) and others, for non -attracting 
rigiil sph(T<‘s. Tin* lifih virial (‘oelheient is assigned a value, chosen so that for 
small values of the volume, the equatior\ may approximate the behaviour of closely 
packer! spheres. l^atiu’son (191H) afiplied this (‘(juation of state to the detonation 
of oondtuised exptisivivs. llcc(‘nily there have been some attempts by De Boer 
and Michels and Montroll and Mayer (1941), to (nahiate the cluster integral, 

relating to tlie tlhrd virial ('oc{lici(‘nt , directly in terms of tlH‘ liennard- Jones 
sj)herical potential. 

(’orruT (I94(>) making use of t!u‘se n‘sults calculated th(‘ high temperature 
c(H?ni(’ients for various gasivs. .oid applii'd the static (*c|uation thus obtained to 
the investigation of tlie firopcrtics of propellants. The present is an attempt to 
extend the validity of this stat(‘ (‘quatlon, to higher y)ressure regions, and to apply 
tlic^ results to the invi'st igut ion of <lctonation paranuders of condensed explosives. 
This nec<^s.sitates the evnination of another virial coedicient. Duo to the inherent 
difiiculty of calculating thi.s in terms oi' the lamnard-Jones potential, it was chosen 
to find out its valu(\ from the cx}»erimental data on explosives, by the application 
of the hydrodynamic theory of di'tonation, by an inverse approach. The oxygen 
balanced explosive PF/IW, admits of such a possibility, for its products are mainly 
determined, by the water gas tapiilibrium, and there is no change in the number 
of g?n. moles of t he pnwlucts. wit h pnv^sure or temperature. 
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b and c being the coefficients for the mixture and nb = Euf nc =» !!»( Cf, B, 
and Ci being those for the individual gases. Determining the composition from 
water gas equilibrium, at 41100®K.. and making tise of Corner’s tables, 

nb =3-4603x10* 

n*c = 2-6986 X 10< 


by the linear law of combination. 
From (1) 


^ nRT 


-h. 


Differentiating this w.r.t. v we have 

# i_ L . J _ _piL 4. 

dr ~ nRT [ \dvf,,' \ nRT‘ \ dvf„ v 

where 

nh . 


( 2 ) 


The well known Rankino Hugoniot equation in detonation ia, 

E-H^\p(vq-v) (3) 

where E is the energy of the ])rodnct gases, w.r.t. tlieir value at room temperature, 
per gm. mole of the explosive, IJ the heat of the reaction, and v the original and 
the final volume (per gm. mole). For oxygen T)ositive explosive PETN 
is linear ov<t a witle range of temperature, and may be expressed as 

E^H=:0lT-P 

a = 115] kil. cah/degree/gin. mole of PETN 

fi = 528*05 kil. cal./gm. moh* f)f PETN . , . . . . (4) 

a, j3 being constants having dimensions of sp. heat and energy respectively. With 
the introduction of (4), (3) becomes 

2(ar-i9) - p(vo-v) 
or 


Differentiating (5) we have, 



1 

2a 


(vo—v) 



2a • 


Substituting from (6) and (1), (2) is given by, 


dv v)+2/3] p(vo— »)+2j8 


(«) 

(6) 


( 7 ) 
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Chapman Jouguot (iondition, fixing unique value of the detonation velocity, 
\h expressed t)y tlie reiatioa 

dp 
dv 


).r 


Vo-v 


( 8 ) 


'I’liiH oiiHhlc,-) 


from (7) t<) bo eliminated leading to the equation, 

\dv/„ 


dip 

dv 



pv 

vn- 



nR{p{v^f — v)+•l^] 


+ 


2p(A+i/i) 

p(vo—v) + 2^ 


+9lv- 


(9) 


rh<‘ <?xj)erl mental ly determined (juantity is tlie detonation velocity. Before 

dt'i 

the eijuation exj)res;nin^ can be us(‘fully employed, the pressure p has to bo 

eliminated, 'The n'latien betwien pn^ssuro and the detonation velocity is ex- 
pressed by 


D2 


— e)m 0 


( 10 ) 


m bthni' the molecular wruLtht of the explosive. Putting the value of p from (10) 
and delining the following diiiuuisiimht.ss variables, namc'ly 


(0) n‘0u<'e.s to 




dih 


. ^ . 71 R 

f == ; T) r- - . ; S 

n/ />“ a 




7l^ 

2(// + ./.l (1 -f 

i(r-c-‘'+2.,i 

dij, 

dip (Ir 

(h- 

dr ■ 7$ 

dv 
d; "" 

It ^'''-0 


With this (II) becomes 


dijj 

di 


e 


L »'o d^. 


•• (12) 


Elimination of 7’ and p botwoen (1). (.5) and (lb) provides another relation in 
terms of the dimensioiiles.< vnrinbtes, nanudy 


Mf>+iP)[{ \ -^y-+2rj]+2$($-i) = 0 (13) 

The equations (12) and (13) are the two equations giving two relations between 
</; and f from which Cq can be eliminated and ip{v) found out. There is, however, 
no a priori information available on ro(^) relation to enable (12) to be integrated! 
In order to proceed towards solution, we put 


= ';;F (” =110) (14) 

as a lirst approximation. This changes the differential equation (11) into an 
ordinary algebraic equation given by 

2^<p(h+iP){i-l)-<p{g+3^)[(l-^)2^2r]]+2^{2^—l)=:0. .. (16) 
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This combined with (13) while giving a ^ vs. r solution, also provides and 
Vo(^) relations. This solution is tabulated in Table 1. 


TABI.B 1 


Loading 

density 

Po gms./o.o. 

Volume 

Vo 

Volume 

V 

( 

V 

<1x10*® 

•25 

1264-8 

840-1 

-6642 

•6649 

•968 

•50 

j 

632-4 1 

441-6 

•6983 

•4689 

•204 

•75 

421-6 

308-3 

•7313 

•3133 

•134 

1-00 

316-2 

238-5 

•7543 

•2266 

•096 

1*50 

210-8 

167-2 

•7932 

•1209 

•075 

1*72 

183-8 

147-3 

•8014 

•1013 

•059 


The difference between the experimental value of the detonation velocity 
and that calculated for a constant value of the fourth virial coefficient is reflected 
in the variation of the value of d thus obtained. The value of this coefficient 
calculated for non-attracting rigid spheres is equal to 0893x10^ so that it corres- 
ponds to about the middle of the above table. 

Logarithmic plot of and ^ as shown in Fig. 1 gives a straight line which 
gives the following relation between Vq and f . 

Vo = 1038 (16) 


Making use of this approximation (12) reduces to 

# oinr 1 



.. (17) 



Fio. 1 
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Figure (2) bcslow gives the relation between r) and $ extrapolated to low densities. 
Numerical integration of (17) with the help of (16) and Fig. 2 leads to a 



■5930 6320 -6720 7^10 •7920 -6320 


Ki*j. 

relation ot u hottiM uiiproKiTriatioii. initial conditions chosen were i/r = 0 

tor po - ^ j'in. (\c. iVinibinin^ it with (l.‘») tlu^ final relation can be mapped 
out. It is graphed in !{. Ida* oth(‘r parameters pressure and temperature 
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for PETN can now be easily found out by virtue of the relations (1) and (10). The 
results are given in Table 2. 


Tabi.k 2 



: : 

'T-.' , - , : 


: 

Loading 

density 

Po gms./c.c. 

Volume 
c.c./gm. 1 

1 ! 

1 ^ 

Pressure 
pxlO-"’ 
i dynes/cm.**^ 

Tempera- 
ture T^K, 

•26 1 

2-616 

•21-44 

-908 

4917 

•50 

1-341 

•3.388 

2-504 

5045 

•75 

•934 

•6564 

5-001 

5155 

100 1 

•724 

1012 

S-514 

5277 

1-50 

•514 

2-27K 

19-85 

.5491 

1-72 

•453 

2-603 

26-22 

5599 

1 


Leaving aside the value for po = -25 gms./c.c., 0 can be represented by 


0 = 


5-7 4x10^ 

^2 


(18) 


Before tliis result can bo applied to other explosives, ?i the number of grn. moles 
of the gaseous products has to be separatefl out. Tlie volume per gm. mole is a 
property through which the value of iff thus found can be switched over to other 
explosives. This will entail the assumption that ^ remains the same function 

V 

of - from one explosive to another. So we liave 
n 


^ = 475-5 (19) 

Thus the correction so found can be absorbed in the coefficient of leading to 
the folloAving state equation, suitable for the investigation of other explosives 

= l +3.-46 ( 5 ) (20) 

It is interesting to note that ^ can be thus absorbed, in spite of the fact that, 
as a first approximation, it was put as a function of An examination of the 

Table 1 would reveal that the variation in d is about the same as the variation 

in V (except for the value for po = *25 gms./c.c.) so that even at that stage it could 

have been put as a function of in which case d would be sensibly constant in 
the specified volume range. 
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3. Application to other Explosives 


Having constructed the equation of state it can now be applied to the in- 
veatigation of otiier explosives. 

For oxygen positive or oxygen balanced explosives the value of the detonation 
velocity can bo found out just by the application of equations (3), (8) and (10) 
fn<HitiofK*<l above along with the equation (20). For the former type of explosives 
the composition of the products can be fairly accurately put, straight from the 
constitution of the explosives without any resort to chemical equilibria. For the 
later type it is mainly determined by the water gas equilibrium. In view of the 
liSHiimpticHiH erabixlied in the state equation (that of the same field of force for all 
species in the mixture of products) the correction for the equilibrium constant K 
r(xluces to unity, and the products tlierefore can be determined by the value of K 
for ideal gas condition. On the other hand, the products of oxygen negative 
explosives do not get d(?UTmined unless some equilibria in addition to the water 
gas are (considered. That needs a correction to the equilibrium constant for which 
the fugacity p . given by the mU^gral 


liTlnv\={ -.?l\dv-RTln-^ .. .. (21) 


has to h(' cahMiliited. Solving this with th(‘ h<‘lp of tx|uati()n (20) v\c have 


1 \ ^ 


vJiT 
exp 

V 


62 92 +1048 



'The e({uilibriurn (Constant for a. reaction like 


( 22 ; 


in by 


Wo have 



(same field of force for all uaaes), therefore 


n<ny p' ■ 

In a previous publication the author (1953) has explained the procedure needed 
for the solution of the problem of oxygen negative explosives, once p* has been 
found out. Oue to the wide variation in composition, number of gm. moles, etc., 
with pressure and temperature, the same value of b and c cannot hold good for the 
entire range of loading density in this case. Solution with the above state equation, 
however, provides a data for the next approximation to be carried out with improved 
values of b and c, which can be found out from the tables. In doing so the value 
of the third virial coefficient for methane, however, is not available. Adjusting 
the value of c arbitrarily, for one loading density, a value of 436 (c.c./mole)2 for 
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methane was found to give good fit. With this value the results for the other 
loading density were caloulatecl. The results are given in Table 3. 

Tablk 3 


Explosive 


Nitroglycerine 

TNT 


Loading 

density 

Po gina./c.c. 

Pre.ssnre 

dynes/em.^ 

Teniporatiux) 

1 mot. /see. 

A.b., 

inot../«oc. 

1-62 

10- 10 

1 

6200 

7360 

7600 i 500 

•60 

j ! 

! 1-67 

1 

1 3200 

j 3426 * 

i 

3200 

1*55 

1 14-6 

1 4280 

1 6667 

j 6800 


I 


4. Discussion 

The approach adopted here is in principle similar to that of Cooks (1947), who 
starting with the Abel’s equation of date, determined the covolume from the date 
on various explosives regarding it as a function of the loading density. I'he 
pressure and temperature obtained therefore agree very closely with his results 
for corresponding loading densities. The calculations in this attempt, however, 
reveal, as shown by Table 3, that the agreement of the detonation velocity with 
the experimentally observed value is better for the oxygen balanced explosives 
nitroglycerine than for TNT. Another feature of the result is that for higher 
pressure regions the calculated value is less than the experimental one while for 
low pressures it is the reverse. The procedure followed in the present case has 

been of finding ifs as a function of - from oxygen balanced explosive and regarding 
it the same function ^ for other explosives. This quantity is connected with 



being the chemical potential of the mixture. The method consisting in finding 
i/j from explosive data carries with it the assumption as mentioned earlier of a 
common value of the chemical potential /i for the mixture. There is a reason to 

V 

believe that this value of ^ and hence of ~ may not be the same for 02 -balanced 
and 02 -negative explosive, for they do not form exactly similar mixtures, and 0 

V 

may be a different function - in the later case. The agreement obtained may 
therefore be considered satisfactory. 

The value of the third coefficient for methane can only be regarded an ap- 
proximate one, giving only a correct order of magnitude, for it has been determined 
on the basis of the composition found with a common value of p* in the first instance. 

The author is grateful to Prof. D. S. Kothari, Scientific Adviser, Ministry of 
Defence, Government of India, for his interest during the course of this work. 
Useful discussions with some of the members of the ballistic group are thankfuUy 
acknowledged. 
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Abstract 

rnrifj'i- of validity of Corn t’h oqimtion of ntato, hitherto applied by him to the in- 
veHtiftaii^n of the pnjportii^rt of prorioilantH, haH boon extended to higher proHsiiro regions by 
the ajifdivation of the hydifKlyrmnue tlioory of detonation and the results applied to the deter- 
mination of the* dotojmtion parameters of (J.^ balanced and 02-negative explosives. .\n estimate 
of the third virial eoeihrnonf of the rnothaiie gas has boon made. 


liEFEHENCES 

Ho!f//.nuirui» ij. and .lager, (I. (19119). Statistical Thermodynamics by Fowlder, R. H. and 
(iuggimheiin, K. A., (Juinbridgr I'niversily Press, p. 289. 

t'ook, M. A. (1947), An h^juation of Stntt' for Gases at Extremely lligli Pressure and Temper- 
atures from the (fydnj(lyf>aini(‘ Th*M)ry of Detonation. J . Chem. Phyn.y 15 , 518. 

t'oriua*, J, (I04G). The 'Thf'i Tiiodynamio IVofiorties of the Products of High Pressure Com- 
bustion. /Vor. Phyft. Soc. Lond.^ 58, 797, 

Ue Hoer, J, urni MicisiM, A. (19.98, 19,99). Contribution to the Quantum Mechanical Theory 
of the Etjuution of Static and the l^aw of Corresponding States. Physicn, 5 , 945; 6 , 409. 

flappo], II. /.or. v;U, n f.. Holt /man. 

Hirschf ider, d. G. aiitl UoM 0 \(Mire, W. E. (19,99). Intermolocular. Forces and tiio Properties of 
(laseH. J. I^tiys. dhrm 4d, 1.9. 

.Montroll, E, V\'. o,n(| Mayor. fv (1941). Statistical .Mechanics of Iint>erfe(rt Gases. J. Chem, 
9, ti’Jtl. 

Mnrgai, M. P. (1959). On thr E':t)losit)n G., -Negative Explosivivs. Proc. Sat. Inst, ISci.^ 
19,541. 

PaterH<;n, H. (194S). I'he llydnKlynamic Theory of Detonation, fiesearch^ I, 221. 


iM.iUtul (Mtolh r 23, 1931, 



EFFECT OF E.M. RADIATION ON THE SELF-ENERGY OF FREE- 

ELECTRONS. I. 


by Indbrjit Singh, University of Delhi 
(Coinnuinicated by F. C. Aiiluck, F.N.L) 

(Received May 1 ; read August 6, 1954} 

I. A unique feature of quantum electrodynamics is tlie zero-point fluctuations 
of the electro-magnetic field. An electron, in vacuum, is in constant interaction 
with these oscillations of infinite energy, and the result is, an increase in the self- 
energy of the electron. This interaction energy is usually called the Transverse 
Self-Energy of the Electron. What happens may be visualised thus: 

The fluctuations induce a current in th(‘ vacuum, as does the virtual photon 
emission. But, as the current due to virtual photon emission interacts with the 
emitted virtual field, so the current due to the zero-point amplitude interact>s with 
the amplitude itself (Sawada, 1949). The transverse interaction energy has been 
calculated by many authors (Weisskopf, 1939) and comes out infinite both on 
Dirac’s one-electron theory, and on ‘hole’ theory, though in reality (so we suppose) 
it is a small effect. This assumption is very necessary, in that one cannot restore 
to the renormalisation procedure, without it, which in turn, has proved of immense 
use, in interpreting the Lamb Shift (Bethe, 1947) and the anomalous magnetic 
moment of the electron (Schwinger, 1948). The apparent divergence is ascribed 
to improper handling of the electro-magnetic moss by present theories which seem 
to sufer from some deep-seated limitation. In fact, the objectionable features of 
quantum electrodynamics are much too obvious in all processes which involve 
virtual transitions in the ultraviolet. 

However, there arise additional contributions to the electronic self-energy, if 
the electron liappens to be situated in a transverse radiation field (Auluck and 
Kothari, 1953, I. Singh, 1953) or is surrounded by other electrons (Salam, 1953). 
Here we will confine ourselves to the case of a free-electron in an atmosphere of 
‘free photons’. Due to interaction with the transverse radiation field, the electron 
is perturbed to undergo transitions involving real photons, which on Dirac’s one- 
electron theory are induced in two ways: the electron in state, fn), in interaction 

with an assembly of N(k) quanta, of momentum k and of energy \k\ (the 
velocity of light is taken as unity) may jump to the intermediate state, |i), by 

either the emission of a photon of momentum k or by the absorption of a surrounding 
photon. In the first case, there will be two more photons per oscillator of the 
radiation field than there will be in the second case. The interaction energy, 
arising due to such transitions, is given by the second order matrix element, 

4 

where the summation is over all intermediate states. H\ is the contribution, due Uy 
interaction between the two subsystems, to the total Hamiltonian of the system 
consisting of the electron and the radiation field, and is given by — 

( 2 ) 
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hi 


wHcrc, € in the unit eh^ctronic ch<ir^e, oc is th.6 Dirftc vector uuitrix (ot^, 
luul ? is the vector ix>tential of the external transverse field, given by 

A - ^ ca (-^a/>/2) (ca e^P {ilcxx)+c*^ exp (— • r)) 

A 

with ^A ~ (^”^/^A ■ ^ •• •• •• •• •• •• ■■ 

V, is the iiorniiiiisation volume, and c^, are respectively the creation and 
dcatru(;ti(Hi opi^ratorH oi' a phidoii, in a state with momentum and polarisation 
vector, such tliat, 

«A ® «A • a 

and '•a^v-c;cv = 8^A', etc. 
since both emission and absorption processes are possible, we have, instead of (1), 

Iir .1 V f I «! M) (»I I a i «) , (a| a I *2) {i2l a i «) ■) 

n - 2_\- f ' ^ E„-Ei>y, J ■■ 

% 

when' the sum is also ovm* the two directions of polarisation of the quanta. 

Summing over spin directions of tin initial and final state of the electron, and 
ov(T the two possible? kinds of (*ner^y in the int(Tmediate state, Ave have for a free 
electron at rest, in an atmmsphere of free photons, 


(4) 


ir 




Z. 


sp 


(/x-A) (//+A’)+a//'a {H+E} 

'-ili'E 

ifi+k) (/Z+A’l + cx/ra {H+E) 


} 


(6) 


(7) 


.\{k} 1 (f,+k){H+E) + o: 

+ A---2 ^ 

where, y/ + A’ = /i (1+/3) 

fr 3 ^fx+(<x. p') 

//' e ^/i + (ap'') 

with, p' == —A: 

and +*^’- 

Here p is another Dirac matrix such that 

(XiP+pcLi = 0, (i = X, y, z), 

and fc is the meehxanical mass of the electron. Assuming the photons to obey 
black-body distribution, 

^ exp (k/RT)- 1 

where R is the Boltzmann gas constant, and T is the temperature of the photon gas. 

4B 
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A summation over all quanta in expression (6) leads to an infinite result. But, 
this divergence is due to the presence of the usual transverse (vacuum) self-energy 
term, in the said expression. This term will arise even when there is a complete 
absence of photons. Subtracting therefore, from eq. (6), this term, we get for the 
self-energy due to photons, 

= 1) (9) 

7?/i 

where 


a) = 


r(..) 


exp (—aM) 
1 — exp (— r) 


d.r 


(10) 


is the well-known Rieman Zeta function. When one substitutes in expression (9), 
the value for the first Zeta function, ^(1, 1), one gets, 


W' = ( 11 ) 

S jji 

for the additional interaction energy due to the presence of a transverse field, obeying 
Planck's distribution. Here, a is the Soinmerfeld fine-structure constant. 


II. The above calculations have been made on Dirac's One-electron theory, 
wherein the electron can find itself even in the physically unacceptable states of 
negative mass. On the positron theory, however, such states in general, are all 
supposed to be occupied by electrons, thus preventing the positive states from the 
otherwise inevitable decay. Transitions to these occupied negative states are 
forbidden b3^ Pauli Exclusion Principle. 

Because of its special (charged) structure, the vacuum, on hole theory, has 
important physical properties, whicli have a decisive bearing on the self-energy 
problem of electrons. The vacuum is characterised by an infinite charge density, 
and behaves in many respects, like an intense electro-magnetic field. An electron 
placed in the vacuum, will obviously deform the latent electron distribution, A 
hole is created at the position of the electron, and the electron-charge is effectively 
spread, in that it can be located up to distances comparable to the Compton Wave- 
length, h/fi. At a distance, the charge-density is governed by the Weiskoff 
relation (with a quadratic singularity at ^ = 0) 




(13) 


where (x) is a Hankel function of the first kind. The vacuum polarisation 
increases the effective charge of the electron by a small amount. The interaction 
between the electron and the oscillations of the field is also modified by the presence 
of the latent electron pairs in the vacuum, and the perturbation is greater for the 
higher (compared to the minimum frequency of pair-creation, 2^/A) frequencies of 
the field. The expression for the transverse (vacuum) self-energy is made more 
convergent, in that the infinity changes from a quadratic to one, which is of a 
logarithmic order, only. 

The self-energy of an electron in a state | n) on positron theory is the ‘self- 
energy of one electron in state \n) plus the vacuum electrons', minus the ‘self- 
energy of the vacuum electrons alone or 




W - 


.. (13) 
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m) 


In consifkrinn the influence of electro-magnetic radiation on the transverse self- 
cmcrgy of a free electron at rest, on Dirac’s One-electron theory, we had to deal with 
four interniedifite states, two of them being of negative energy. On the ‘ hole’ theory, 
this number a il) b<! mainUined, but instead of the two negative-energy intermediate 

Httfctett in wiiicli the electron has momentum, db k, we have now, two new states in 


which th(; latent electrons take part. The vacuum electron of momentum, p— fc, 


absorKs a photon fnjin the radiation field and goes over to the state, p of the original 
electron, wliich on th(* other hand jumps into the hole so created, emitting a photon, 
in th(‘ proc(‘ss. Thus in thc^ intermesliate sUite we have an electron -positron pair, and 
in th(^ annifiilation pro(^(*ss, it is not this electron which takes part, but the electron 
with whicli we started. The positive state dc’cays and is recreated by an electron 
Hupplie<l from tlie vacuum. Th(^ second intermediate state arises by the emission 

i)f a photon, by a vacuum electron of momentum p+k which goes over to p, 


while tlm original eleetron fills the hole, by ab.sorbing a photon k. Thus, we have, 
using eq. (IH), 


W 


2item y 


A^)±j 

k 


(w I a i I a I , H a | v){^ | a | w) ) 
K^k^E, E;+k-^E„ j 


~k 


( ('« 1 « 1 '•)('• 1 a i ») 

(«|a|i')(D|a|w) ] 

1 ^~ E^k+K “ 

E^k-K 3. 


(14) 


There is no need to consider proec'sses involving vaeuum (^h'ctrons explicitly. They 
are aut(muvti('ally tak(‘n account of, if one makes use of the familiar relation 


(n,10[/ii) + (n2jOln2)-(«3lO!rt3)-(«4lO|w4) = I spO.H .. (15) 

Jb 

where 1 n,) and ] n.) tlu^ Higen-funetions of tlx' Dirac equation, corres- 
IKinding to the pc).sitive energy states and | n^) and | n^), to the remaining two 
states of negative energy. Proceeding in this way, we get, 


IF = 2ne'm y ( . 1 . sn ^(ff+E’ME' + k + mn 

k'^ 2 ^ —iEE'(k+E') 

_^N{k) 1 _ oi(Il'' + E’ME''-k-\-H)H 

'k'^ ■ 2 "lEE"(k~E’) 


Again, separating out the transverse (vacuum) s(*lf-energy term and using expression 
(8), wo have — 


W = ^ . a . — . RT 

6 fi 


as before. Thus, the calculations on Dirac's One-electron theorv and on ‘hole’ 
theory lead to the same result. This result could bo anticipated, because the process 
is symmetric, in that we have both emi.ssion and absorption transitions of the 
original electron, and also because the wave-functions are antisymmetric in the 
co-ordinates of the initial and the final electrons, on ‘ hole ’ theory. 

It is interesting, that while the usual transv^erse self-energy of an electron 
(absence of all ejuanta) comes out different on Dirac’s One-electron theory and on 
‘hole’ theory, this is not the case for the additional effects arising due to the presence 
of an external transverse radiation field, which ore, so to say, independent of the 
approach employed. 
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III. So far, we have tacitly assumed, that the electron under consideration 

has no momentum. The more general case is to associate a momentum p with tlu^ 
electron so that 

( 17 ) 

After making this change in expression (5), we have to carry out tlie summations 
exactly as before. Therefore, we shall not enter into the details of this straight- 
forward calculation, but shall only quote the final expression for the self-energy of 
the electron of energy E due to the presence of external radiation. This is 


ir' = - . a . —— 
3 A’ 


. RT 


(18) 


which is identical with eq. (11) for p = 0. In both absorption and emission, we 
get a term, 


liai log -j?) 


N(k.)dk 


( 19 ) 


which, obviously suffers from an infra-red catastrophe. However, the two processes 
lead to terms which arc opposite in sign, and so the divergent elements (lisappear 
from the final expression (18) which, therefore, is finite. 

In investigating the (‘ffect of radiation on the self-energy problem, we have so 
far assumed that the photon distribution obeys Planck's Jaw. Wo can treat 
however, a very general case, by assuming that the intensity of the radiation of 

frequency ( A: | is some unspecified function of | | and the radiation is enclosed 

in a volume 0 which also contains the electron under consideration. Then 


N(k) = 0.^ (20) 

K 

and (18) is given by 

w'^^^jmdk ( 21 ) 

The limits of integration are determined by the jmrticular range of quanta in loose 
interaction with the electron. Expression (21) shows, that the transverse self- 
energy is the same for two diffi rent frequencies of the photons, so long as their 
respective intensities are equal in the radiation bath. 

The problem of a bound electron will be treated in a subsequent paper. 


IV. In conclusion, it is indeed, a pleasure to thank Dr. F. C. Auluck for 
valuable guidance, and Professor D. S. Kothari for his kind interest and stimulating 
discussions. Last, but not the least, my thanks are due to the Atomic Energy 
Commission, Grovernment of India, for the award of a Fellowsliip. 


Summary 

The change in self-ener^ of an electron due to the presence of an electro-magnetic 
field is investigated. It is shown that this contribution is finite and comes out the same on 
Dirac’s One-electron theory (all negative energy states empty) and on ' hole ’ theory (all 
negative states occupied). 
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VARIATION OF PRESSURE WITH TIME IN ROCKET CHAMBER 
by S. K. Gupta and A. K. Mehta, Defence Science Laboratory^ New Delhi 
(Communicated by R. S. Varma, F.N.I.) 


{Received April 12 ; read Atiyusi 6, 1951) 


Introduction 


The pressure in a rocket is the result of the balance between two main factors — 
the burning of the propellant which tends to increase the pressure and the escape 
of the gases through the nozzle tending to reduce the pressure. During burning in 
a rocket, the mass rate of burning is equal to the mass rate of discharge plus the 
mass rate of accumulation in the chamber; that is (Kershner, 1944) 


Spr = O^A, P+ (1) 

where S is the area of the constant burning surface of the j)ropellant, 

p is the density of the propellant which is about ()-067-0»059 Ib./in.^ for 
most of the propellants, 
r is the rate of surface regression in in. /sec., 

(7^ is the discharge coefficient which is about 0-007 8ec.“^ for most rockets 
using smokeless powder as propellant, 

A^ is the area of the throat, 

P is the chamber pressure, 

is the density of the gas in the chamber, 

and V is the volume of the chamber available to the gas. 


T> 


Sr and — (/)) = 0 for a steady state and assuming a linear Jaw 


of burning, r = a+bP, we get the steady state solution of equation (1) as 


- C^-Kp'b 


( 2 ) 


where P^^ is the equilibrium pressure, 

K = S/At 

and p = p—p ; in p', the term p^ is numerically only about two or three per cent of 
p' for most cases of p so that it is not too inaccurate to consider p as constant. 

TT-t . • /■» \ t ] 


Equation (1) can bo expressed as 


d 


Sp'r = Cj^ A^P■^^ 


( 3 ) 


Kershner (1944) has solved this equation by assuming the volume V as constant 
which is not a fact. 
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As a matter of fact, the volume at any instant is given by 

V^Vo+j‘r8dt (4) 

0 

where Vq ja the initial volume in the chamber available to the gas. 

Wo hav(^ solved equation (3) when the volume is given by equation (4) and 
have compared our results for a specific case with those obtained from Kershner’s 
results. 


Pressure Rise ik Rockets 


We may assume = BP {B a constant), i.e., a constant chamber temperature 
as lias been done by Kersluier (1944). Hence from equation (3) we get 


(IP 


.0,,A,P. 


(5) 


Substituting (4) in (5), 

j Ko+ I' (O. + 0P) = (a+bP)Sp’-C^^A/^ 

0 

^aSp+P(bSp'--^Cj^A^), 

Differentiation with respect to t gives 

( i iPP dP dP 

B j Kc) + J {a + hP)Sdt +{(i + hP)BS ~ ~ {hSp'^C\ .4^) 

u 

which becomes using (2) and (b) 

T> .. . <bl 

Putting ^ == 80 that , wo get 


("r- +»i>+6i,7=) 


which after integration gives 
bBP 


‘"S «- <‘-P/P„l = l»8 If-' 


(6) 


the boundary conditions being 
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or 


where 


and 


or 


qe-^Ul-PIP^r^ 


aSp^ 

BVo’ 


L = 1 



— P2 
ap' ‘I 


ap' 


aSp' 

Wo 




( 7 ) 


In most of the cases JfP^O Ol vve may take 1 — it/P4 - with- 

out any appreciable error. 

Thus 


0 


M{1 


l-MP +m^P2 r. n,r> 1-1 i, 

= — }+ 
-ifP ) ( ) 3f2P^ ( ) 


Kershner obtains 


BVo ^~ '^'^‘1 


• ( 9 ) 


tq 


We may compare equations (8) and (9) by computing values of the time t for 
various values of pressure P according to both the equations in the case of 4-6' 
rocket which has the following specifications : — 

S = 555 in .2 
p' = 0058 lb./in.3 
a = 0-28 in./sec. 
h = 0 00037 in. 3/lb. sec. 

B = 2-64xl0"' 

P^ = 1442 lb./in.2 
Vo = 120 in.3 
L = 1 019071 
if = 0 86733x10'® 

MP^^ = 0 012507. 

Table I gives the variation of pressure with time for 4-6^ rocket according to 
equations (8) and (9). 
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Table I 

Vfjri'ition of prf'fi/ture with time 


I Timo t in rnilli Hoconds 



Pressure P in 

i 


\o. 

lbs. /in.- 

1 i 

! K<*rHhner 

1 

i 

Authors 

1. 

.‘iDO 

: 2*10 

1 1 

2*17 

li. 

1 

! ;t-72 

3-74 

3. 

1 icon 

1 (i-OO 

h-os 

k 

1 •::»(> 

i )()-22 

10-66 

5. 

1 M50 

; i 

13-h5 

14-24 

1 

(h 

1 PJs 

: 23-49 

! 24-21 


I 


'Fable* 1 filiows an im[>ortant fact that taking into account the variation of the 
voliunc iivailable to tli(‘ gases in tlu^ chamber floes not appreciably alter the 
prf'ssurc-tinie reflation. 'FIk* t iim^ refiuircd to attain 99 per cent of the equilibrium 
j)rcKKuro in the two cases differs by II p(*r cent. 
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Sr MM AllY 

Korsliuor (lal t) lues disrussrii tho pli.^notnorion ef pressuro rise in rockets on iho nssnmp- 
tieii thiO the vi»!nme uvail.- hl ' to (he pi< -p Il.uil ^as<\s in the rookot ehumhor is constant which 
is not a fact. 

Takinj^ this variation int<» ar«M>inc. the authors have developed a relation between pros- 
suro and time in a nu'ket charuher. (^)mp)lrison of the results of Korshner with authors for 
4*5' roeket shows that tla' pr('ssur<«*i ime relationship is not. appreciably altered by taking this 
volume variation info account. 


Referknoe 

Kershner. R. B. {11U4). Rocket iMiiulamontals. .Edited by B. L. Crawford, Jr., George 
Washington University, N.D.H.C. Division 3, Seetion H. OSRD No. 3711, June 3 2 (un- 
classified). Chapter 3. 


Issued October 27, 1954. 



TRANSIENTS OF MAGNETOGRAPHS AND INSTANTANEOUS VALUES 

FROM RECORDINGS 


by S. L. Malurkar, Colaha Observatory ^ Bombay-S 


(Commxmicatcd D. S. Kotliari, F.N.I.) 


{Received May 8 ; read A^lgust C, 1954) 

In a previous note (Malurkar, 1953), the transients that are recorded in a 
inagn(‘tograph were briefly referred to. It is, however, nee(\ssary to work out the 
pattern in a few cases which would bo of interest. Among them is, for example, 
that of an impulse in a sudden commencement storm or sometimes even without 
a storm. These impulses can be isolated from the disturbance and may bo amenable 
for theoretical study much easier than the comphte disturbance. It is worth 
recalling a few of the stages from the last communication. 

The value of the ‘impulse is derived by measuring the sudden displacement 
in terms of the scale value. The scale value is determined by superposing a known 
magnetic variation near the magnetographs’ (by placing subsifliary magnets) 
‘allowing the magnets’ of the photographic instruments Ho become steady and 
measuring the resultant displacements. The magnification is a static determination. ’ 

The need for the investigation arose due to the fact that from Jan. 1949, the 
Watson Magnetographs at Alibag were on some selected occasions used with an open 
time scale (nearly 12 times the ordinary one). With a small time scale, many of 
the doubts remain in the background. ‘While tabulating the equivalent magnetic 
variations, a doubt arose whether the displacements as instantaneously recorded 
represented genuine variations in the magnetic field... Would one be justified in 
using the static values when the magnetographs were moving rapidly ^ ’ 

Changing the magnetic field by electric currents was unsatisfactory as the 
transients due to electric currents would complicate the problem. The changes in 
the magnetic field were brought about by suddenly changing the position of the 
permanent subsidiary magnets, referred to above, from a horizontal position to a 
vertical one and vice versa. By this method the magnetic field changes unidircc- 
tionally from one value to another. 

During the above period the recorders were put on quick-run to clearly 
observe the transients. 

The traces for V and H are reproduced in Fig. (see Malurkar, 1953). 

Wlien the field changed, no lag in recording was noticed. The initial dis- 
placement was greater than that expected from the scale value. The trace is a 
damped harmonic one, and it ultimately settles down to a constant value. 

The equation for the deflection angle 0 can be written as : 

e+^k0+{k^ + n^)0 = A{k^+n^) F 

where k is the damping factor, 

27 r/n = T — period of oscillation of the inst., 

A — a constant, 

F — change in the magnetic field and 

0 and 0 are the time differentials of 0. 
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The gercral form of the solution is 


^ Hin nt 
0 — e 

n 


1 


4 (j[.2+n2) F € cos nt dt 


J 


A (jfc2+n*) F c Bvanidt. 


fn particular cases, the solutions can be got by other methods (e.g. Heaviside 
npnnitors). 

(I) Cliarijro from one cofistnnt maf'netic field to another constant one. The 
chfin^'f in rna^nt*tic field at time t = 0 takes place suddenly and F \b b, constant. 
Taking p as the usual Heaviside operator B can be expressed as 





A(k^+n^)F ^ AF 


1~€ 




(cos ni + 



^ = 0 if sin nt = 0, i.e. ni = tt ; ^ = tt/zi = T/2 for the first deflection. Hence the 
ratio of the first (h'flf'ction to th(^ static value is (1+^ : 1 

In most instrume nts, this ratio is appreciably gn^ater than 1. By increasing the 
value of tho damping facU^r, the d(Tect may be diminished. The optimum value 
f)f the factors would b(^ wlien the damping is so adjusted that it is critical. In the 
al)ov(' notation tlum n = 0. 

(2) Critical damping, n = 0. 

Tho solution is e = ^ 

i.e. = yljP{l-^€-*^(l + fcO}: 
e/O' = 

where S' is the limiting or terminal value. 

ft may also lx* put in a difF(‘r(‘nt way. If 8 is a small fraction, the time required 
by the inagm4d>graph speck to reach a value just a fraction S short of the true 
value is given by 

8 = (1+jkOc-*^ BfO' = 1-8 


or 


' "" i 1 1 (1 +<;«)• 

In a critically damped inagnctograph (with quick run), the values registered would 
rcunain short of the true value. 

(3) The next eas(^ when F = at, tlu' m.agnetogram has a sharp bend. Then 
S 2k 1 ) 

0 = da ^ jll— «"*' cosvi)+ sin 

which shows a sujx'qiosition of some extraneous terms. The damped harmonic 
terms have the free periods of tlie recording instrument. 

So long as the t ime co-ordinate or scale, is small, the period of vibration of the 
instniment occupies a very small length. Hence vibrations of that order of period 
can hardly be noticed. But when an open time scale is used and attempts are made 
to estimate points to an accuracy of a few seconds, i.e. the same order as the periods 
of vibration of tho rcconling instniments, it would not be possible to neglect the 
superposed eifeets. As it apjx'ars, the accuracy of timing any particular effect is 
Bxibject to an error of an order comparable to the period of vibration of the 
instrument. 
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The eflFect of resonance of a periodic magnetic field whose period is near about 
that of the recording instrument has been discussed by Vestine et al (1947). When 
more than one recording instrument is used at a place, and the fn^e periods of the 
recording instruments are different, those micropulsations which have common 
periods in all the instrumental records are likely to be genuine, i.e. when the free 
periods of the horizontal and vertical component magnetographs have difierent 
free periods, those pulsations wliich have been recorded in both the instruments 
with the same interval of time as period are genuine. 

In large magnetic disturbances, the records at many stations consist of rapidly 
changing traces and sometimes consist of only disjointed specks at the extremities 
which will need to be connected up. Even if quick-run be used, it is quite likely 
that rapid variations will be found in many instances. Then the application of the 
static magnification value would need modification. This would particularly b(‘ 
true if one wished to find the equivalent currents by using magnetic displacementB 
as recorded at various observatories with different types of instruments. The 
constants of the individual magnetometers would be needed. Sinnlarly if detailed 
correlation of individual peaks in the magnetograms are to be made with iono- 
spheric records, where the free period of the recording system is extremely small 
or negligible, it will be necessary to bear in mind the transients recorded in the 
magnetograms. 

Leaving ofiF the finer details, the general character of a magnetic storm dis- 
turbance has till now been tabulated at intervals of time large compared with the 
free periods of the instrument. In fact most of the analysis has been from the 
slow-run records where it is almost impossible to tabulate at intervals of time of 
the order of the free period of the instruments. The broad feature of the super- 
posed magnetic field has no period as considered comparable to those of the instni- 
ments. Hence in these instances it is possible to ignore the time differentials of the 
deflection and the static magnification is the result. The general character of the 
flisturbance curves as calculated by Moos (1910), Chapman (1936), Chapman and 
Bartels (1940) will be essentially maintained. 

I thank Prof. Sydney Chapman for helpful discussion on the subject. 
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TffK KFFIXT OF \'OKTIOITY OX THK SPECIFIC HEAT RATIO OF A 
NON-KFLATIVISTIC FERMMHRAC GAS 


hij M. S. Yardya, Delhi University^ Delhi 
(CommunicJited by F. C. Auluck, F.XM.) 
{Received May 1 ; read Auijust 6, 1054) 


lioetori (19.‘)0) has roc^Titly investigated the elBFect of vorticity on the pressure- 
v^olurae ind(‘X at different adi.ibatic compression and expansion ratios in a classical 
Lnis. In an actual fluid th(‘re will bo generally a numbcT of vortices interacting 
with eac'li other and therefore tlio general problem is difficult to formulate. To 
avoid this diflieulty Be(‘ton lias considered the case of only one cylindrical vortex 
pn*Heni in the lluM, He assumes that initially tt>tal energy (enthalpy and kinetic 
energy) is constant tliroiighout the vortex. He has neglected the eflf(^ct of 
viscosity. He has shown that the [iressure- volume index increas(‘s with vorticity. 
We liav(^ gem ralised tin* above result in the case of non-relativistic Fermi-Dirac 
ga.s taking d<M^en(‘racy into account. 

C( nsidor an assembly of N free electrons o(‘cupying a volume F at temperature 
7’. 1'b(^ energy E, pn^sure P and entropy X are given for a non-relativistic 

Fi rmi- Dirac gas by lh(‘ following relations (Kothari and Singh, 1942) : 

E - i-lmkT) lkTF-.(A), ( 1 ) 


P = ~J'^h-lmkTp kT (.t). . . 


( 111(1 

lIlTO, 




)n = rest mass of the electron, 
k = Boltzmann constant, 

(j = Weight factor, 
n = concentration = .V/F, 

A r=z dcgen(Tacy parameter = nli^lg(27T)nk7^)^^^ 
h rr- Planck's eoiivStant, 

F^(.l) =• Fermi-Dirac function corresponding to index 


/■ 


— dx = a function of 


e' + l 


where x = (jUT and € = kinetic energy of a particle. 
We can put the entropy in the form 






(3) 


(4) 
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An adiabatic change is an isentropio process. Hence, from equation (3) or (4), it 
is evident that T^/n or A remains constant for an adiabatic process. The relations 
(1) and (2) then reduce to 

E = 2 CNk7\ (5) 

and P = CpNkT . . . . . . . . . . (6) 

where p is the density. Here C = 4JP.(A)/377-.l, A being a constant quantity. 

The above relations (6) and (6) differ from those given for a classical gas by 
the constant C. 

Following Beeton, we assume initially that total energy for every element 
remains constant throughout the vortc'x. Then using suffix (0) for initial condi- 
tions, we have, for an element of the vortex moving with the velocity Vq, 

~ +-^0+ = (constant),), 

or vo^ = 5 CNK(T,^-To) (7) 

where 5 CNkTt^ = (con.stant)o. Here we will call Tt^ the initial total temperature. 
Further we define the total pressure Pt in this case as 




For an element of gas moving with a velocity v at a radius r of the cylindrical 
vortex, wc have for equilibrium, 


pdr:=^dP 


or for initial conditions, 


p^dvQ — dPy). 


.. (10) 


Eliminating Vq- from equations (7) and (10) and using equation (8), wo get, 


6*» = 




.. ( 11 ) 


If tq = 7*0' and Po = Po fh® outer periphery of the vortex, then for the 
initial state the integral gives, 

(?^r=-“4K <n. 


As r decreases towards the centre of the vortex, the pressure also decreases. 
At some radius r the pressure has become zero, therefore, 

(?') 
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and Inmce 



VV<* hav(* alw) from equation (7) 


5 CNh 



( 13 ) 


(14) 


Hence iho angular momentum in everywhere the same. For the sake of 
simplicity, we assume that there are tio viscous forces. Hence the angular momen- 
tum of every (dement remains (constant no matter wdiat ha{)pens to tlie vortex as 
a wliol(^ in the way of (expansion or compression. Therefore the condition that 
tfic prodiK t (vr) is constant throughout the vortex, which has been shown above 
to hold initially, will n rnain true during subsequent changes. Therefore, we have. 


= r>CNkl\/r^,^ (15) 

Assuming th<‘ change in a particular element of the vortex to be reversible, 
we have, 



l^ut by th(^ definition of total temperature and pressure, 


Hence 



i.e. the teinporature and pressure at all points of the vortex and at any instant are 
related by, 

T 

constant. 

At any instant, therefore, we have, 

(Vr 2 T 

dP ~ r,p a?) 


Now we will show that our earlier assumption that initially the total energy 
and hence the total tomjH'raturo arc the same for all points holds good for all 
subsequent states after expansion or ciunpression by external forces. 

Wo got, from equations (G), (9) and (15), 


dr 




rZT 


( 18 ) 


Now with equations (17) and (18), 


dT 

dr 


dT dP 


dP dr 


= 2r, ro 


1 


( 19 ) 
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Integrating the above equation, and taking T = T' for r = r\ we get. 


’=3"-7.oV(*,- i)... 


Equation (20) thus gives temperature Jis a function of radius. 
Putting r = r' for T = 0, we get, 


Hence, 




r\_/r2 r2 
T'J 1 i 


Therefore 


Tt = T+ 


5NCk 


V ^0^ 


7\ constant for all elements of the vortex. 


The mass of an element of the vortex is given by 

hm = p (2Trr dr) 

/f2 r2\ 

= 27tp' j J r Br, 


as p oc T‘5 for a non-relativistic Fermi-Dirac gas. 
Therefore, 

,1 1 


Putting 




j . . A r'^ Tt 

and t = vorticity parameter = ^ ^ , 

equation (24) reduces to the simple form. 
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when: 






s/r+1 


Since 1> <x I*' for a Forini-Dirac gas, we liave by the conservation of mass, 


(;;■)’ ©(£1 


( 26 ) 


. (27) 


Furl her 


t 








T r'-^ 


^0 — ^i/n f 


T ■ r - 
^ 0 ^0 


Tliereforo, 


H(‘nce 


/~1 7V'V2 

7" ?2 ■ 




(J / V'o 

Therefore, equntioiks (27) and (28) to^^etlicr givr, 

/")■ i 1(1) \ _ i-\ 


(28) 


(29) 


Since f (t) is a known function, equations (28) and (29) are enough to determine the 

/ i" \ 


('V) (/<'>) = '-1. 

''V/ \ 'o-l 

)n, e([nati()!is (28) and (29) a: 
variation of volume ratio with the* applied pressure ratio | p™' j if initial 

vortieity parameter he known, 

Jt is eonvcuiiont to exjjrt'ss tlie r< suits l)y eomparisou with a liomogeiieous gas 
expanding according to a pressure volume index n, i.e., 



5B 
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Hence, 



, 'Substituting values in term of t aml/{/), we get 


Now 




/n 


t-l 


1 


4n 


f(n 

f(lo) 


'o-l 3 /(/o) 

n < ^ if jf f (0 positive 


and 

But 


Hence, 


5 . (I 

n > - if / (/) is neizative, 




9/111 \ 

4 \ 3' + ••••/ 

+ 3(1 + 1+ V+...\ 


< 0. 



(30) 


(31) 


Thus we see that the presence of vorticity in a non-relativistic Fcrmi-Dirac 
gas effectively increases the value of n. 

The value of n has been calculated for initial vorticity parameters Iq equal to 
1 025, 1*05, 1 10 and 1-20 and is ph>tt(^d in the figure. It will be observed that 
the amount of increase in n is chiefly dependent on the initial degree of vorticity. 

I take this opportunity to thank Professor T). S. Kothari for his constant help 
and encouragement during the work and Dr. F, C. Auluck for his valuable guidance. 


Summary 

We have ifivesti^ated in this note the effoet of vorticity on the spooifio hc^at ratio of a non- 
relativistic Fermi-Dirac gas. We find that the ratio increases with vorticity. 
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Introduction 

This [)a|)( r pr(‘fl('nts the* calculation of the valence force constants for the non- 
f)Ianar vibrations of the 1, 3, /) trim(‘tliyl benzene molecule, namely, //, the methyl 
dia<j:onal iKiidmv' constant, the interaction constant betw(‘en the methyl 
bcndin^is, d,„ tin* int(‘raction constant betweem a methyl bending and an adjacent 
ortho hydrogen bending and lastly, dp, the interaction b(‘t\veen a methyl bending 
aiul * 1 . [)ara iiydrogen licnding. The values of the vibrational frequencies for the 
niolrcule an* lh(‘n deduced and (;om[)ar(‘d with the assignments made by previous 
investigators from other considerations. For the purpose of this calculation, the 
results of tin normal co-ordinate analysis of thf* nonqdanar vibrations of Benzeme 
and Us Df-nteriurn d(‘ri vat i v(‘s (Mill(‘r and Crawford, 1946) have been utilis(‘d. The 
m(‘thod ol' calculation is that given by the author (1953) in an earlier pajMi'r on the 
Fone constants for th<‘ HF^ molecule. 

1, 3, 5 ’rrinielliyl Henzc'ru* (commonly known as Mesitylene) bedongs to the 
point group l)^h> if, hs a first approximation, the* CH 3 substitiu'iit is considered as a 
siuLdi* atom, ignoring tlKT(‘l)y tin* interactions within the methyl group, wdiich 
alh'ct lh(‘ skeletal bending. 'The* niiu* non-planar vibrations of 1, 3, 5 trimethyl 
benzi’iie an* divided into tiie two svmnu'try species as 3 /l 2 " + 3£'', the latter being 
doubly d<‘gt*n(‘rate. Tlu* vibrathms of sjh'CH's A*/ Rre infran'd active and those 
of A" an* Hainan active*. Oru* of tlu* fundamc'ntals lias not b(*en recorded in 
iiifrari'd l)ut only teiitaliv(‘ly assigned (Hitze'r and Scott, 1943) from Kaman (*ff(‘ct 
observations. 'Two weak Hainan lines 145 em."^ and 1S2 ein.~^ are state*d })y 
!htz(‘r ami Scott to luive* b(‘(‘U observed by twa) difTerent inva'stigators. Of these, 
IS2 em.~^ lias be(‘n a.ssigiu'd by Pit 7 .(‘r and Scott as om^ of the A^" fundamentals on 
tho basis of the product lule analogous to that of Tellar and Kedlieh. Tlie present 
calculations of the force constants of this molecule have led to the eonfirraation of 
this tentative assignment. 

Pilzer and Scott hava* also suggt‘sted the frequency 439 era.*^ as one of the 
E'' fimilamentals of Mt*.sitylene. In assigning the degenerate modes, it may be 
not<*d that (*<‘rtain freciueneiej should be either exactly or approximately the same 
as in M(*ta-Xylcne (3, 5 dim(‘thyl benzene). The three fundamentiUs 10, 16 and 
17 (in Wilson’s notation) of A’'' sjH*eies in J , 3, 5 trimethyl benzene will be split up 
into lOu, Uk and 17a of A 2 species and lOb, 166 and 176 of species in case of 
(3, 5) //i-Xyleiu'. Here the degeneracy is removed, one compement changing and 
the other remaining almost t*qual, i.e. 10 a, 16a and 17a in m-Xylene will be exactly 
same as 10 , 16 and 17 of mesitylene. Pitzer and Scotts’ assignment is based on this 
(*onsid(‘ration. No line apfH‘ars in the Mesitylene spectrum where No. 16 in Pitzer 
and Seotts’ notation is <‘xp'eted. A very weak line is observed at 439 cm."^ in 
the Raman s[)eetrum of 7 «-Xylene (assigned as 16a). This is regarded by Pitzer 
and Scott (1943) as the corresponding frequency No. 16 in mesitylene. It is possible 
to compire this assignment with the value derived in these calculations from the 
force constants, but the author finds the agreement unsatisfactory. 

A pndiminary report of the results have been published in Current Science 
(Vol. 23, 116, 1954). 
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Calculations 

Three types of non-planar valence force co-ortii nates are used to construct 
the symmetry co-ordinates for the two species and they are schematically represented 
in Fig. 1. 

(O 

(CH,) 



(1) The perpendicular displacement of the t-th CHg group d(‘fincd by the two 
adjacent C— C bonds is t(‘rmed as ry^ where y^ is th(3 angle b(‘tween C— ('Hy bond and 
the plane formed by CiCg and C 1 C 2 bonds of the molecule and r is the ('quilibrium 
distance of Carom —Caiiph (2) The corresponding perpendicular displacenuuit of the 
i-th h\^drogcii atom is termed as py^ where p is the equilibrium distance of C- -H bond 
length. (3) The non-planar ring bending deformations are regarded as tortions 
around C— C bonds. The angle between the plane containing 6, 1, 2 carbon atoms 
and tliat containing 1, 2, 3 carbon atoms is termed as The corresponding 

internal co-ordinate is ESi where R is the equilibrium value of C — C bond distance. 
The complete set of internal co-ordinates is ryi, py 2 , ry^. py^, ry^, py^, RSi, 7 ? 82 , RS^, 
R8^^ RS^ and RS^. The symmetry co-ordinates are constructed with the above 
internal co-ordinates and are found to be just the same as those used in the case 
of 1, 3, 5 trifluoro benzene recently worked out by Ferguson (1953) and are given 
in Table I. 

Table I 

Species Symmetry Co-ordinates 

Bl == (ryi-fpy2"l-ry3-f-py4-f ryg-f pyg) 

A 2 '" R 2 , =- 6“^ (ryi"Py2+ry3-py4-f ry^— pyo) 

J?3 - i?x6~* (8i-a2+«3”54 + «6-56) 


^la = i (^^3- />y2“m+py6) 

(-2ryi + py24-ryj-2py4H ry^ -fpye) 

'^2a “ i (^fid-rys— ry/j — pye) 

12“’* (-2ryi-py2-fry3-f 2py4+ry6~pye) 

= JR X 1 2 “* 1 ( - 8 1 -f 2 82 - 5 8 - ^ d- 28 6 a « ) 

^ ^ (^1 — ^3"b^4~^6) 
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r.E. Matrix 

Tahl(* II the / matrix in terms of the valence force co-ordinates. In 

writing (h/wn this matrix, tin* notation of Miller and Crawford (1946) is retained 
for the ring def>rmati(in and the applieabh^- hydrogen bending constants; o, m 
and p refer to ortho, nuda and para relationship between tlie internal co-ordinates. 
Th(‘ elements of the F matrix for the species A 2 " and E" are given in Tables III 
and IV n sjK-ctively. 

Tablk II 


O'l 



pyz 

py.i 

PY^) 


R 62 

m.. 

n&i 

Rh 

Rh 

ry, // 

h tn 

h)u 

t'io 

r,p 

th> 

Cn 

C;n 

- cp 

-i I’p 

4“ Cm 


'■y.'s 

H 

h m 

<ii> 

a. 

np 

i 

~\-Co 

- - Co 

— Cm 

~Sp 

A-Sp 

'’Va 


H 

r,p 


t! i> 

-Sp 

-f cp 

-f Cm 

4' So 

— Co 

— Cm 

py-z 



A 

<im 

dm 

’■{ *'0 

-Co 

— Cm 

-cp 

-\-cp 

f Cm 

pri 




A 

dm 

-i cp 

rCm 

-r Co 

— C-o 

— Cm 

-cp 






A 

-Cm 

-cp 

+ C/. 

4 Cm 

'4* Co 

— Co 

A’rt, 






B 

bn 

bm 

bp 

bm 

bo 








B 

bo 

bm 

bp 

bm 









B 

bo 

bm 

bp 










B 

bo 

bm 











B 

bo 












B 


table is syfiunt‘t ri('ul about the prineijKil diagonal. 

Taih.f hi 


Cxx 

1 A ! <im ' 

\}i 

! bm -[ 

2<.’o ♦ dp 


i/r* hm 

e-i 

d m 



{Cn\ cp C 

«) ( 

O. i Sp 

Cm) 

1* 'Z'Z 

J A 1 dm f 


' bm 

2fi,x dp 

0 . 

(r- t cp 

<•„,) 

’ ic,> • 

cp Cm) 


B 1 'Ibm 

‘Zb., 

bp 



I'Am.E IV 

^ .11 1 (-^ I '2<lo i 2<1 p) 

^12 \ {It - A Grn) 

^’1 a J 3 * {^o f Co - i cp) 

F 22 ~ il If ~ hmt 2flo — 2tip) 

F 23 J X 3 ^ {So Cq Sp C p^ 

^33 B~~ bo--bm-\'bp 
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The following assumptions are made in order to simplify the above matrix 
elements : — 

(1) The forces involved in the distortion of the ^benzene ring are essentially the 
same in mesitylene as in benzene. Thus of s|X‘eies equals to Miller and 
Crawfords’ p and that of S'* to tlieir 8. (2) The interaetiiui between a CH^ motion 

out of the plane and a non-planar ring (hdormation is equal to the interaction 
between a hydrogen motion out of the plane and a non-planar ring deformatiiui, or 
in other words Co = Co, Cm = Cm, and Cp = Cp. With the latter assumptinii of 
species yl 2 ^ and Fi^ of species E'" are equal to Miller a-nd Crawfords’ (1946) i] and 
o) respectively. Fi<^ of species and F 22 of E"" are zero. Tliese assumptions 
were also made by Ferguson to determirie the force constants for 1, 3, 5 trilluoro 
benzene. Thus the constants A, a^y py 6 and co are carried over to this problem 
from benzene. 

K,E. Matrix 


The elements of the K.E. matrices are calculated by the method adopted by 
Wilson (1939). The vector expressions are obtiiined considering a unit vector 
perpendicular to the equilibrium plane of the molecule. Tliese expressions are 
given in Table V. 


8 ~ V 


Tabijs V 



4F 

3 

K 4V 

AS, = T ’ 


2V 

fyi 

-F(l+2/,c„^) 

» 8^2 ^ 
ryi 

ryi 


Where V is unit vector perpendicular to the equilibrium plane of /, J , K 
(Fig. 1). The remaining expressions can be similarly written down. 

With the help of thes(; expressions, the matrix elements an* de rived. Tables VI 
and VII represent the 0 matrix elements for the species and E" respectively. 


Table VI 

(?ii== i 

<?12 - i (Mcn 3 ”MH)+-/^(^CH 3 ~^ll^[l+ 2 (PlI-f-PCH 3 ^] 

G^13— 8x3^ 

^22 "= i + 2pjj)2 

(?23=- ~4x3Vc(“^CH3+2^Hd-l) 

G 33 = 48^^, 

Table VII 

G,3 = 2/X(.{3p^,jj^-f 3pjj-j-2) 

(723 = ^CH3“~^h) 

^33 ~ 

where /i’s are reciprocal atomic masses in atomic weight units. 

= C— H/O-C and = Carom— CalJph/C—C. 
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Determination of the force constants 

With the help of the above assumptions the F matrix of species will involve 
only two unknown combinations of valence force constants, and 2do+dp 

and that of FF will involve another two combinations and 2do—‘2a^, To 

drterrnine the^se four combinations, only four frequencies, two of species A 2 '' and 
two of hJ'" arc required. The remaining fundamental for each species is then 
calculated. From the four combinations, the individual values of II, h^, do and 
d^ are obtaim^d. 

Vibrations of species A^f 

Two of the fundamentals 690 cm.“i and 840 cm."*! are very definitely 
assigned, but the lowest infra-red active fundamental 182 cm."^ is assigned by 
Pitzt r and Scott on the biisis of the product rule. Miller and CrawforcLs’ first set 
of (‘onstants for fi and rj of b(*nz(‘n(‘ led to imaginary force constants. The second 
set gave two sets of valu(‘.s for and 2do+^p because of the quadratic nature 

of tiu' s(‘cular equation and they are given below. 

^H+h^ 2do+dp 

Hvt I 0-340918 0-850213 

S(‘t 2 0-297849 0-03602 

The calculations an‘ repeated with both the sets to obtain the value of the third 
fundanu'Tilal. With th(‘ first s(‘t a valu(‘ so high as 1286 cm.-^ and with the 
se<‘ond s(‘t, 179 cm." ^ w'hich is in very close agnaunent with 182 cm. is obtained. 
The first set. of the constants is discarded, confirming the assignment of 182 cra.-^ 
as the third A 2 " fundamental, made by Pitzer and Scott. 

Vibrations of species E'* 

Two of the fundamt'utals of sjx'cies E" , namely, 275 cm.-i and 847 cm.~i with 
MilltT and (h'awfords’ first .set of constants for d and co have once again led to the 
imaginary values for the combinations II and 2do-~2dp. The second set of 
constants result in two sets of values as .shown in the following table. 

//-//. 2ao—2ap 

Sot 1 ()-32010 _o-46()G5r) 

Sot 2 ()-27r)()77 -0-190r)47 

With the first sot of tiio ahovo force constants a value 771 cin."^ and with the 
second sot a value oGl om.'* are obtained as the third fundamental of the E’ 
sjM'oios. Neither of the values agrees with the value 439 cm.-i suggested by Pitzer 
and Scott. A reinvestigation of t he infra-red and Raman spectra of this molecule 
is di'sirable to establish this fundamental. From a comparison with the frequencies 
of 1, 3, 6 Trifluoro Benzene, it may be seen that 179 cm.-i of A^’ and 561 cm.-i 
of E" (mesitylene) calculated by the author comfjare well with the correspemding 
freciuenoies 214 om.-‘ of .4^* and 595 cm.-i of E" (1, 3, 5 trifluoro benzene) 
observed by Nielsen (1950) and confirmed recently by Ferguson (1953). 

In arriving at the individual values of the force constants the combinations 
which led to the fundamentals 179 cm.-^ of A^’ and 561 cm.-i of J?' are con- 
sidered. These are given below. 


11 

• 

+ 

0-297849 

H = 

0-382 


0-275677 

A.= 

0-107 

2do+d, = 

0-03602 

do = - 

-0-02 

250- 25, = ■ 

-0-190547 

5,= 

0-076 
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The numerical values of the above force constants are to be finally multiplied by 
1()5 and expressed in dynes/cm. 

Discussion of the Results 

The diagonal methyl wagging constant // is found to be 0*382 which is slightly 
greater than that of the corresponding Hydrogen constant A = 0*378 in benzene. 
This may imply that it is energetically more difficult to displace CH 3 group out of 
the plane than to displace' a Hydrogen atom out of the plane of the hviv/.cno ring. 
Fii of species A 2 '' refers to the dish-like symmetry co-ordinate rt'presenting bending 
of all the H and CH 3 atoms above aiul below the plane of the ring wluTtuis F 22 
refers to puckered co-ordinate corresponding to a motion where CH 3 *s and H’s are 
displaced in the opposite sides of the ring. In case of benziuie the energy required 
for the dish-like distortion must be less than that for the pucken^d displacement. 
But in this ^’ii>^^ 22 * This may be attributed to the repulsive forces being pre- 
dominant between liydrogcm atoms and the CH 3 groups. 

The following numerical values are used in tlic present calculations. C — C = 
1-39 A, C-H = 1-08 A, Carom— Caliph = 1-54 A, = 0-99206, /xc = 0-08326, 
^CHg = 0-066516, = 0-7770, = 1-10791. 
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Summary 

Wilson’s F G matrix method has boon applied to the non-polar vibrations of 1, 3, 5 trimethyl 
benzono to determino the oiit-of-plano valence force constants. The value 182 cm.““^ assigned 
by Pitzer and Scott as the lowest A 2 " fundamental is coufirraed from the present calculations. 
The txssignment of 439 cra.~^ as one of the E" fundamental appears doubtful, the calculated 
value being 561 cm.“'. 
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ox A (JKXKll VrrXG FUXrTIOX IX PARTITION THEORY 
}nj Hanskaj (iUPTA, F.N.I., Punjab Universihj College^ Hoshiarpur 
{Rf calved June 7 ; read August C, 1954) 

I. In this iU)tp, W(} shall be eoiieerned with the partial fractioiLs of 

f(x^ r) = r ! l{i--x)(l—x-)(\ — . . . (1— a:'') ; | a:r | < 1. 

This function is of importance in the Theory of Partitions. In fact, it is well known 
that 


1 


f{x, r) = 'N pin, r)x”. 


( 1 ) 


wh(‘r(‘ p(n, r) denoti^s for n >0, the number of partitions of n into at the most r 
summands and p{i), r) = 1. 

2 . L(‘t 

h 

fix, r) = y A,{r).{\-xV-'-, 

] ^ 0 


HO that 
Then, since 

we must liave 

or 


//’/( 1 — //, r) = V Ajir)gK 0 < ?/ <2. 


) - u 


r) = r-I), 


I I } r) = r/(l -?/, r~l); 


(2) 


; j X . y .//’ = y /I//--!) .y». .. .. ( 3 ) 

V ♦ 1 ' ' r ^ 0 ; - 0 

Comparing the coeflicientvs of the powers of y on the t wo sides of (3), we readily obtain 
(l) ^C-i('-) + ( 3 ) -C.olr)- . . . + (_i). / ^ J = rAj(r-l). (4) 


Hence 


■4)0 =* y (3)‘’*o2(^')+ ••• +(— I . 


( 5 ) 


with /lo(r) = 1. 
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In particular, 


A- rr 


A - 2 




Aojr) = 5 I 2!^' 1 ^ ) AvJ:)- - ^ .lo(A-) | ; 


Z- 

2 


= ^ 1 '/-/^“) (^ 3 ']4-7i(2) 2 1 *)| '■ *'»y- 

To cv<aluato the we put in turn for A% the v^aluea 2. 3 , 4. . in the two exprt'ssions 
on the right ; thus 

<7o(2) = i^li( 2 ) = i; 

<7,(2) = .-1 ,(3)- I /fo(3)-27o (2) = I : 


Hence 


72(2) = |/I,(4)-^o(4)-37,(2)-37o(2) = |. 




One can now easily show that 

= 72,_20‘) (‘l^+q, 




+ %(j) I 2 I i 


where the ( 7 ’s are functions of^‘ alone. 
In view of (5), we must have 


(2/— 1) '^'< 2 j (22 — 2) ■*■■■■ I I ) 


Hence 


= hU), say. 


7oO') = kU)> ■ 


7i0’) + j 7o(j) = hij), 

q-Aj) + ( 2 ) 7 i(i)+ (’^) 7o(.?) = UU). 


(6) 


( 7 ) 


7<0) + ( *t j + 7»-20)+ . . ■ + I ^ ^ 7oO) — A*42(j)' 



fiS-l TIANSRW othta; on a oenerattno function in partition thbobv 


Elirninatint' //* i (j), 7,-2 O'). ■ • • . 7o O') from these relations, we get 

7.0) = ^..20)-ft‘)<*+i0)+(*2*)^‘0')- ••• +(-l)‘^ .. (8) 

Also comparing the coefficients of on the two sides of (7), we get 


7aj-20) 


72i-40-l) = 


(2j-l){2j-3)... (1) 


_ {2j) ! 


( 9 ) 



3. The following tables give /.lj{r) for values of j < 5. These give also 
values of /ly(r) for 2 < r < 12. 


'I’Aiii.r. 1 
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TABIiS II 


1 \ 

0 

1 

2 

3 

4 

5 

2 

1 

1/2 

1/4 

1/8 

1/10 

1/33 

3 

1 

3/2 

17/12 

25/24 

91/144 

91/288 

4 

1 

3 

59/12 

17/3 

715/144 

479/144 

5 

1 

5 

165/12 

45/2 

20831/720 

20237/720 

6 

1 

IS/g 

85/3 

425/0 

31037/240 

85823/480 

7 

1 

21/2 

329/G 

1127/0 

112357/240 

85225/90 

8 

1 

14 

581/9 

875/2 

344897/240 

18039/5 

9 

1 

18 

319/2 

1843/2 

929377/240 

149845/12 

10 

1 

45/2 

995/4 

14335/8 

1127777/120 

9108953/240 

11 

1 

55/2 

1485/4 

20125/8 

1250431/00 

24887203/240 

12 

1 

33 

0413/12 

33847/0 

3911809/90 

9333803/30 


4. S()iTU‘ asymptotic llcsults. 

From (9) it readily follows that for any fixed j and a sufficiently lar^o r, 


r(2;) 

Aj(r) ^ — , wliere = r(r— l)(r— 2) . . . (r— A: + l). . . (10) 

4’.j ! 

Expanding (2) by the binomial theorem, we have for any fixed r and a sufficiently 
large n, 


Writing 


and 


r ! p{n, r) 



7Z + r— j — 1 


)■ 




for 


r-j-l )’ 



y(2) y(4) y(fi) 

for 1 + — , ^ + • • • 


( 11 ) 


where the symbol ^ indicates that the indices of the powers of r in the expansion 
of exp are to be enclosed within brackets, we can say that r I p(n, r) is asympto- 

tioally equal to the term independent of x in 

{0,.i+(7,_2*+6V_3a;2+... } .. .. (12) 

These results compare favourably with those given by me earlier. 
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1. Introduction 

Gas analysis based on the thermal conductivity of gases was suggested by 
Daynes and Shakespear (U)20), J)ayi)es (1033) and suitalde katharometers were 
constructed by them and by Ibbs and Hirst (1020), Tronner (1037), Archer (1938), 
(jlrew (1011) and others but the apparatus has so far been used more or less in an 
empirical way and calibration curves have been given in terms of galvanometer 
deflections against concentration. The disadvantages of this procedure are obvious. 
Ibbs and Hirst have tried to determine the conductivity of any gas or mixture of 
gases by reference to such an empirical curve and utilizing the experimentally 
determined values of thermal conductivity of any known gaseous mixture. The 
assumptions made by them that the apparatus will give the same reading for all 
gases or mixtures having the same tliermal conductivity is not however suHiciently 
exact on account of the different accommodation coetlicients and the unequal wall 
effects for different gases. As the katharorneter is a very useful and inexpensive 
instrument for gas analysis, we attempt here to develop in the ff)llowing pages a 
suitable design of the instrument from which accurate values of thermal conductivity 
(^n be readily obtained for any gas or mixture of gases. 

A comprehensive account of the methods which have been employed in the 
past for the measurenumt of thermal conductivity of gases has been given by 
(Gregory and Arclier (1026), Trautz and Zundel (1031), and l^osworth (1052), and a 
short account of modern methods has been given by Keyes (1940). Nearly all 
precise thermal conductivity measurements on gases have been made with some 
form of the hot wire method. In this a metal wire which is heated by an electric 
current is mounted axially in a vertical glass or metal tube, immersed in a 
constant temperature batli. The wire remains at a uniform temperature along 
a central j)ortion which will be relatively greater the longer the wire and the smaller 
its diameter. The lateral lieat transfer through the gas is radial only for a limited 
central portion of the tube and the principal correction to be applied is for the 
heat conducted longitudinally by the wire. This difficulty has been met by 
applying three different types of procedure. In the first due to Schleiermacher, 
Weber (1017), Taylor and Johnston (1946) and others, a long thin wire is used and 
the resistance of the central portion of the wire which is at a uniform temperature 
is measured by attaching two very fine potential leads to the wire. In this potential 
lead method the end conduction is thus reduced to a very small correction of the 
order of 1 %, but a very small and not accurately calculable lead wire correction is 
introduced. In the second method given by Goldschmidt, Gregory and Archer 
(1926), Dickins (1934) and others two tubes are employed, one long and the other 
short, usually called compensating cells. The differential measurements then refer 
to the central portion of the longer tube, where radial flow conditions hold. In 
this the end conduction cancels out but the difficulty of having exactly identical 
and inconveniently long columns is a great drawback. In the third type usually 
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called the thick wire cell method developed by Kannuluik and Martin (1933), 
Karmuluik and Carman (1952), the end effect is very large but is corrected almost 
exactly by a rigorous application of the theory with the help of relatively simple 
boimdary conditions. ' ^ 

In the present series of investigations we have adopted the third method with 
tile modilication that a much thinner wire is used so that the end conduction is 
minimized. The detailed theory as developed by Kannuluik and Martin (1934) 
will still give the various corrections exactly and in particular the end correction 
and the correctiem for the curvature of lines of flow at the ends of the wire. Thus 
a simple apparatus has been developed to give relative conductivities of gases and 
gfis mixtures readily, using an improved form of balance bridge method as adopted 
by Grow (1941). 


2. Method and Theory 


The general theory of the distribution of temperature along the axially mounted 
wire was given by Kannuluik and Martin (1933, 1934) which as applied to our 
case may be brielly stated ixs follows: 

lA‘-t us assume that the ends of the wire are held at the same steady temperature 
as the walls of the tube and this temperature is taken as an arbitrary zero. Neg- 
lecting convocti(Hi and radiation for the present, the differential equation for the 
steady flow of heat is 


77r“A / - -\'^lrTT\K 

‘ iiyA 




+ 




^ (1+0.6) 
J 


( 1 ) 


whore A and K,, nro respectively the thermal conductivities of the wire and the gas 
in ealories/cm. see. deg., the resistance per unit length of the wire at 0°C., a the 
mean tomporatiinj eoedioiont of resistance of the wire between 0°C. .and 6° and Vif. 
the radiiw of the wire. The radial How of heat is 




2nKuO 


whore ro is tlio internal radius of the tube. Equation (1) tlien becomes 
nr'X 'j ~ -2nr,he+I\{l +o6)!J = 0 . 


( 2 ) 

(3) 


For the ea.se when the (‘(‘11 is highly evacuated the second term in eq, (3) is to 
represent the loss by radiation fn^ni the wire, h denoting the loss of heat per unit 
area per unit difference of temp(Tature. 

Writing eq. (3) in the form 

d^6!dz^ = 

where P- = 2h'r]X--r-p^oi;7Tr“\J, 

and Q = 

assuming P to be positive, we get as solution 

0 =s QjP^+A sinh z+B cosh z . . , . . . . (6) 

The constants A and B are determined from the boundary conditions 0 = 0 at 
X ^ ±1,21 being the length of the wire. Eq. (5) then yields 
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The resistance R of the wire under present conditions of heating is given by 

r+» 

i?= (l+cLd)dz. (7) 

Substituting the value of 6 from (6) and integrating for z from —I to -f-Z we obtain 

R-Rq tonh PZ] 

iZo “ P L Pl~\ 


where Po = . 

This equation can be written in the form 

/1\V tanhPZ\ 
IPzj y PI I 


27rr®A,7(P-Po) 


( 0 ) 


Substituting the experimentally determined values of iJ, R^y a and A, the value of 
the L.H. side of eq. (9) is known and hence the conductivity Ku of the gas found 
from eqs. (4) and (2). 

To determine A the experiment is performed in perfect vacuum. The solution 
is again given by (9). Calculation shows that for the small current and thin wire 
used in the experiments is positive and therefore eq. (9) cannot bo further 
simplified as done by Kannuluik. Hence eq. (9) was used to determine A. 

Eq. (9) has been obtained above on the assumption that the flow of heat tlirough 
the gas is strictly radial. Actually, however, the lines of heat flow show some 
curvature at the ends of the tube. Under these conditions the exact solution of 
eq. (1) has been given by Kannuluik and Martin (1934), who show that the error 
due to this correction is less than 1%. Convection is eliminated by working at 
sufficiently low pressures when the observed conductivity becomes independent of 
the pressure. 

3. Description or the Apparatus 


The apparatus consists of (i) the conductivity cell, (ii) the electrical bridge, 
(iii) the thermostatic bath, (iv) the gas mixing apparatus and (v) the pressure 
regulation unit. 

The conductivity cell forms part of the thermal conductivity analyser, originally 
intended for measurements of gaseous separation in the thermal diffusion experi- 
ments and is based on an analyser described by Grew (1941), and depicted in Fig. 1. 
A very thin metallic wire was welded to short platinum wires which were then 
sealed in a uniform capillary tubing. A 4-mm. side tube led to the bulb L of about 
14 c.c. capacity and the mercury reservoir the pressure being measured by the 
mercury manometer M, The assembly was suitably mounted on a wooden stand 
and immersed in thermostat containing paraffin oil and fitted with a glass side to 
enable readings to be taken from outside. Efficient stirring and mercury toluene 
regulator enable the bath temperature to be kept constant, which was recorded 
on a Hartmann-Braun NiCr-Ni thermocouple. 

The cell wire forms one arm of a Wheatstone bridge and a thicker wire (com- 
pensating resistance) made of the same material forms the second arm, the remaining 
two arms consisted of two equal eureka resistances, all being immersed in the bath. 
The temperature and therefore resistance of the cell wire depends on the conductivity 
of the gas surrounding it and on the current flowing through it. Its resistance was 
measured at the bath temperature and the compensating resistance so adjusted 
that when the bridge is balanced, the cell wire is about 20®C. above the bath 
6 
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t6mi)erature. As the compensating resistance was made of the same material as the 
cell wire, but relatively many times thicker so that its resistance may be practically 
indeperulent of the bridge current, the fluctuations in the temperature of the bath 
do not affect the bridge balance. To ensure this the compensating coil was mounted 
as near the conductivity (^ell as possible. 

In operation the conductivity apparatus is completely evacuated by an oil 
diffu.sion pump and a small amount of the desired gas or gas mixture of known 
com position pref)ared with the aid of a gas mixing system, is introduced by turning 
slowly the stopcock S (Fig. 1). The gas so introduced into the system is then com- 



pressed to the de.sired })ressure below' 20 cm. with the help of a pressure regulation 
unit attached to tlie reserv'oir K, which consisted of a manometer, an air-chamber 
and a mechanical pump capable of creating a rough vacuum. The current is then 
adjusted approximately to balance the bridge and sufficient time allowed for the 
tem|)erature of the cell wire and surrounding bath liquid to attain steady state. 
The current is then exactly adjusted for the balance and is measured across a 
standard 1 ohm. 


4. Experimental Procedure and Corrections 

The geometrical constants of the apparatus, namely the length and the diameter 
of the wire and the internal and external radii of the tube, were first accurately 
determined. Then the tube was highly evacuated and different currents passed 
through it and R measured for each current by the potentiometer method, and 
extrapolated to zero current. 

The temperature coefficient of resistance was determined by placing the cell 
in a constant temperature bath, filling it with hydrogen at low' pressures and sending 
a very small heating current through the wire and then measuring the resistance 
by the potentiometer method. This resistance was measured for various very 
small heating currents and graphically extrapolated for zero current. In this way 
R is determined at different temperatures giving a. This value of a was substituted 
in (0) and the observations already obtained for the evacuated cell giving R for 
different /*s, were utilized to determine A. h was calculated by assTiming 0-032 as 

6b 
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the emissivity of aged tungst^en at the experimental temperature. By substituting 
the value of h in (4) and utilizing (9), six values of A were calculated for the different 
currents and the mean taken. 

Next the experimental gas, single or mixed in known proportions was introduced 
into the cell, and confined at a suitable pressure below 2(^ cm. of mercury and the 
bridge balanced by sending the proper current. For this balance the resistance of the 
roll will bo equal to the resistance of the compensating coil at the t/emperature of 
the bath, which is known from the previous calibration. This value of /?, along 
with the value of /Zq, a and A is substituted in eq. (9) to give P from which h and 
Ku are calculated with the help of eq. (4). This value of has to be corrected 
for radiation. For a single heating current observations are taken at various gas 
})ressures. 

This value of Ku requires to be further corrected for the temperature gradient 
across the wall, for the accommodation coeflicient (or the temperature jump effect) 
at the surfaces of the wire and the tube, and for the curvature of the lines of heat 
flow near the ends. 

The wall effect is corrected for by treating the present case as a conduction 
through composite cylinders of gas and glass. We have for the heat transmission 


^2n 

log/2/^1 log^^3/r2^ 


( 10 ) 


where 6^ is the excess temperature of the wire over that of the bath, 6^ the 
difference in temperature between inner and outer walls of the tube, is the 
external radius of the tube and Kg the conductivity of the glass tube. 

0„=={KJ/K^)[{log^r,/r,)f{log^r^fr,)](e,-ej .. .. (11) 

and in place of the second term in eq. (1), we have 


.... 2nKu' / _ K: log/3/r2 \ 
log,(»'2/n) ^ ^ogr./ri \ iog/ 2 /ri) ’ *■ 


( 12 ) 


and hence on taking the wall correction, h in eq. (3) must be replaced by K where 


KJ L _ KJ log/8/>-2 \ 
filog^r.Jri\ k^\ogj2lril 


(13) 


Thus knowing Kg, KJ (corrected for wall effect) can be determined. 

The correction for the temperature jump at the wire and the tube surfaces 
has been fully discussed by Gregory and ArcW (1926) and Taylor and Johnston 
(1946). It has been shown by them that 


^ 92 

iiVi K^r^ 

where K^, is the apparent conductivity, K the conductivity corrected for tem- 
perature jump effect, Ki, K^ the gas conductivities at the temperatures of the wire 
and the tube surface; and g], <72 depend upon the accommodation coefficient at the 
surface of the wire and of the tube. Thus by plotting l/K^ against I Ip, the true 
conductivity can be determined from the intercept. 

Kannuluik and Martin (1934) have discussed the effect of slight displacement 
8 of the wire from the axis of the tube and have shown that 


if. 


-4+ 


1 


K V log.rz/y-i 



log,»-2/ri 


K = K, 


1 


= Ku{l-C), 


.. (16) 
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whore Ku is the uncorrected conductivity, and C is independent of the gas. By 
working with a gas whoso conductivity is known, the constant C for the cell is 
doti rmined once for all and the apparatus can then be used for finding the con- 
ductivity of any gas or gaseous mixture. 

6. Experimental Results 

The experimental procedure has already been explained in detail in §4. The 
constants of the cell arc given in Table I. 

Taboj I 

Constants of the Cell 

Length of the cell wire . . . . ~ 8*343 cm. 

KmiiuH of the coll wiro . . . . 0*001867 cm. 

ICxtornnl raUiun of tho tube . . - 0*313 cm. 

lubjmal radiuH of tho tube . . — 0*088 cm. 

a -20*92x10-*^ 

Moan . . . . A 0*094 cal. /cm. hoc. dog. 

iti^aintanco of tho wiro at tho tom- 

fHjraturo of tho bath (35‘’C.) . . 7*510 ohms. 

Tlu^ resistance of the compensating arm and the combined resistance of the equal 
arms, when measured at the temperature of the bath, were found to bo 7-788 ohm 
and 21-32 ohm. From tho value of a and the resistance of the compensating 
arm, it was calculated that the bridge would bo balanced at a temperature difference 
of 17 7'^C., half of which when added to the bath temperature may be taken as the 
temperature to which conductivity measurements refer, i.e. 43-8°C. 

'rhe argon and neon gases used for tho conductivity measurements were 
supplied by the British (3xygon Co. both being spectroscopically pure. The 
thermal conductivity calculated with the help of eqa. (4) and (9), together with 
the values afU^r applying various corrections, are given in Tables II and III. 

Table II 


Frossuro 

cm. 


Current 
through wiro 
(amps.) 


Uncorroctod 
A'u * UK* 
(cal. /cm. 
HOC. deg.) 


Press lire 
cm. 


Current 
through wire 
(amps.) 


Llncorrected 
Ku / lOS 
(cal. /cm. 
80 C. deg.) 



% A .. 0 


13*4 

0*1349 

13*88 

12*1 

0-1351 

13*92 

12*3 

0*1352 

, 13-93 


% A 67*4 


6*8 

0*10206 

7-893 

7*3 

0-10210 

7-902 

12*8 

0*10220 

7-918 

8*6 

0*10215 

7-905 


% A - 24-Oti 

8-5 0*12133 1M9 

10 2 0*12145 11-20 

13*2 0*12168 11-25 

12-8 0*12140 11*19 


% A - 79 


10*4 

0*09143 

6*325 

13*1 

0*09137 

6*323 

8-0 

0*09131 

6*301 


% A 100 

0*08588 

0*08606 

0*08600 


7-5 

11-2 

12-3 


5*568 

5*588 

6*576 
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Experiments were performed in the pressure range from 2 cm. to 14 cm. and 
calculation showed that the temperature jump effect vanishes at the higher pressures 
and convection losses were negligible. Hence only readings at higher pressures 
are recorded in Table II. The values of the conductivities were reduced to 0°C. by 
applying the temperature coefficient of conductivity whose value as given Iw 
Kannuliiik and Martin (1934) for inert gases is 0-003, and are recorded in Table III. 


Table III 
Mean Values 


%A 

Mean 

KuXW 

CJorrected for 
wall offeot 
AVxlOft 

AoXlO» 

0-0 

13-910 

14-300 

12-630 

24-06 

11-210 

11-470 

10-130 

67-40 

7-904 

8-026 

1-im 

79-00 

6-310 

6-395 

5-648 

100-00 

5-577 

iSiSZl 

4-979 


As already emphasized, the aim of our experiments has been to devise a quick 
method of obtaining relative values of conductivity of mixtures of different con- 
centrations and not their absolute values. Eq. (15) sliows that the absolute value 
may be less than the observed value on account of the asymmetries in the cell. 
For this reason the absolute value of neon as determined by Weber was used to 
determine C and thereby calibrate the cell. 

Weber’s value was chosen because it agrees well with the theoretically calculated 
value of conductivity from the 12:6 model using the force constants from thermal 
diffusion and viscosity, as shown in the next section. This value of C was used to 
correct the observed values at various concentrations and the corrected values are 
giv^en in Table V. The theoretically calculated values for the conductivity of 
argon does not agree so well with Weber’s value and so argon was not used for 
calibrating the cell. 

6. Comparison of Theory with Experiment 

For the case of a monatomic gas the first approximation to the coefficient of 
conductivity can be written for the case of inverse power model in the form 
(Chapman and Cowling, 1939) 

(16) 

where [/i]^ is the first approximation to the coefficient of viscosity and Cv is the 
specific heat of the gas at constant volume. 

For the case of Lennard-Jones 12 : 6 model, eq. (16) takes the form (Hirsch- 
felder et aZ., 1954) 

mjX 107 = 1989-1^1^ (17) 

where K is the thermal conductivity in cal./cm. sec. deg., T the temperature in ®K, 
M the molecular weight, Tq the collision diameter in A and the collision 
integral depending on kTje . 
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For tho case of binary mixture of two monatomic gases the coefficient of 
conductivity can be written in the form (Chapman and Cowling, 1939 ) 

ri, , _ i ] i ( i : i / ar2 ) + ^ 2 [^ 2 ] l (-*^ 2 /^ l ) + - R ’ l2 /iQv 

[AmixJj — ' o \ I l> /^ /« \ I E> ' » • * ' * 


where 


/?! ( X 1 /Z2) + i?‘i (•^2/*^! ) 4 “ 1 2 
43/1J/2 




: ^ 1 ( 11 - 47 ?) + 


2F2 


«',2 = 2F {F,lA'.]i + F/[A'2]i + (Il-4«-8/l)Mi7lfo/(3/i + .¥2)2} 
A, = F[« {M2l(M, + M^)Y^-\-{M,l(M, + Mo)]^(5-m 

and a .similar ex})rc‘H.si()n for H<i. 


F is conncHstcd with the coefficient of diffiisioic by the relation 

F = lv\Dv^]xlT 


( 19 ) 


The constants .1 and A depend upon the law of molecular interaction and 
ha.ve beam tabulated by Hirschfedder ct al. (I91S) for the 12 : 0 model. For the 
purpose of calculation eep (18) has been written in a more convenient form by 
Kirschfelder H nl. (I0r)4). 

it is convenient to define a quantity by the relation 


rK 1 V 107 - 1089-1 

IA12I1XIO _ 1. . ^ ,.,22‘(^^)li.'(2)(2; A-7>,2) 


( 20 ) 


then in K^nns of tins (ju.antity and the thermal (‘on{ln(3ti vities of the pure eom- 
pononts, the thermal eouduetivity of a mixture of mon<‘itomi(‘ gases may be 
written as 

L 

U'mixli 1+^A 


( 21 ) 


where 


= .<•;/[ A-t|,+2r,:r2/[A',.>J,+.r:“/fA'.2l2 

Vl A, h + 2.r,.r2f /'^7f A, , ) , + .r^/'^Vl K., |i 

^ ir> >•-! 12 \ r. '2 ^ V Ji/, ^ 2 J/,ilf2 

/,-(2)_ 1 r - ' 

” 15 12 12 \ 5 "12-t- 1 ; f 2' Ml 

rrO") _ i 4* + _ 

15 12 [ 4d/,d/2 jrA' 


U 


(2) 


32.4;2\«'^ 

1 4* [(^L+_^.2)* fell 4. Eisjh 


rA'.oi; 
[A',]r[A2]i 

\Mz 


Mi 

'12 




15M2L 4Af , i/2 \[ A ,], 


[a:2]i 


)-] 
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and Ml, M% are the molecular weights of species 1 and 2, xj, the mole fractions 
of species 1 and 2 and A* - A/OA and B* = fi/0-6, the constants A and B being 
the same as those in eq. (18). 

Using eqs. (17), (18) and (21) we have calculated the values of the coefficient 
of conductivity of neon-argon mixture at various concentrations. These are given 
in Table V. The force constiints ^*i 2 » •«» used in these calculations were 
those already determined by us at O^^C. from the thermal diffusion data (Srivastava 
and Madan, 1953 a and b) of argon and neon-argon mixture. The force constants 
€ and r for pure neon were obtained in a similar way by using the experimental 
data of Stier (1942). These force constants are listed in Table IV, while the values 
of the conductivities are given in Table V. 

Tabi.k IV 


Argon 

Neon 

No- A. 

«j/A= 13 !rK 
rj 3-358A 

€ 2 /^ 44-79°K 

r, 2-733 A 

i 

5(i-02'’K 
r,, : 317 A 


Table V 

Kq (\Vob<?r: lintod by Chapman and Cowling, 1939) - 1087 x 10“’^ cal./(;m. boil dog. 


0/ A 

Ko y n)7 in 

cal. om.*"^ see. ^ dog.~^ 


Ko/Ko (oxp.) 


Present 
oxp . 

12:0 

inodol 

Iiivorao 

power 

model 

Present 

exp. 

1 

12:6 

model 

Inverse 

power 

model 

0-0 

1087 

1092 

1087 

1 

1-005 

1 

24-06 

871-6 

881 

780-2 

0-8017 

0-8106 

0-7194 

57-4 

610-3 

640-4 

502 

0-5614 

0-5892 

0-4018 

79-0 

486-3 

607-5 

432 

0-4473 

0-4669 

0-3975 

100 

428-7 

389-8 

392-2 

0-3944 

0-3587 

0-3608 


The values of the coefficient of conductivity for the inverse power model are 
given in column 4 of Table V. They were calculated by using eq. (18). The value 
of vi 2 > force index for unlike molecules was taken from thermal diffusion data 
(Chapman and Cowling, 1939) as 7-9 for neon-argon mixture. As experimental 
measurements on inter-diffusion are not available, the value of the factor F was 
determined by using the calculated value of D 12 for this mixture as 0-265 at 0°C. 
(Madan, 1953). 

As already explained, the neon values of Weber were taken to be correct and 
ratios to this were found for the conductivity of other mixtures calculated theoreti- 
cally or obtained experimentally. The ratios thus obtained are also given in Table V 
and plotted in figure 2. It is seen from the figure that the agreement is very good 
inde^, the deviation being less than 3% for the different concentration ratios. The 
experimental errors in these ratios due mainly to error in the determination of a 
and in measuring the change in resistances will be about ± 2%. The experi- 
mentally determined ratio for pure argon differs by about 10% and is probably 
due to some experimental error, which however could not be checked due to some 
accident to the apparatus. 
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'Fahlo V and 2, hIiow tliat the 12 : (> model is more in atjcord with the 

experimental values than the inverse power model. This has also been shown 
by Hirs(!htelder for lie- A mixtun^. ImproveTnents in the design of the cell are 
being undertaken after wliieh a whole programme of determining conductivity of 
ditferent mixtures will bo taken up. 

We are indebted to F^rof. J. O. Hirschfelder for his kindness in communicating 
to us certain portions of his book ‘Molecular Theory of Gases and Liquids’ in 
advance of publication. We express our gratitude to I^-of. M. R. Nayar of the 
(diemistry Department for many helpful suggestions and to Prof. P. N. Sharma 
for affording the laboratory bxcilities. Thanks are also due to Mr. F. Kiss, Chief 
Glass Technologist, National Physical Laboratory of India, for the construction 
of the glass apparatus used in these investigations. We also record our thanks to 
the Government of Uttar Pradesh for the award of a research grant. 


Summary 


A gtia analysis apparatus based on the thermal conductivity of gas mixtures has been 
constructed using a hot-wire cell. A rigorous mathematical theory has been applied to calculate 
the various corrections and yield the value of the thermal conductivity in terms of the con- 
veniently observed quantities. The measurements have been made for argon-neon mixtures 
of various concentrations and the experimentally determined thermal conductivities for each 
concentration tabulated. The results are compared with the theory of the thermal conductivity 
of binary mixtures using the Lennnrd- Jones 12 : 6 model and the inverse power model, utilizing 
the known force constants. TTie results show a satisfactory agreement with the 12 : 6 model 
but not with the inverse power model. 
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LIGHT SCArrERING FROM GEL-FORMING SYSTEMS DURING AND 

AFTER SETTING 


Paut I. Aluminium Molybdate and Thorium Arsenate Gels: 
Intensity Measurements 

by R. L. Desai ami V. Sundaram, The Institute of Science, Bombay 
(Communicated by K. R. Dixit, F.N.I.) 

(Received February 2 ; rend May 7, 1954) 

The stmly of thc^ dintribution of intensity of light scattered at different angles 
giv(‘S an idea of ihv size and shape of particles in solution or in suspension. The 
theoretical calculations of Mie (1008), Shoulejkin (1924), Blumer (1925, 1926), and 
Krishnan (1934) have shown that the ratio of the intensity of light scattered at an 
angle in the forward direction to that scattered at an angle in tlu^ backward direc- 
tion situated 8ymm(‘tri(‘ally about the transverse direction is unity for small 
particles and that this ratio increases with an increase in the size of the particles. 
Recently, Doty and Steiner (1950) have given a Table showing the variation in the 
values of tlu' ratio l 45 ''//i 35 '’ with parti(‘le size when the shape of the particles is 
similar to that of (‘it))cr rods or spheres or (^oils. So far the intensity of 
light s('attered in the transverse direction only hjis been studic^d during the setting 
of several gei-fortning systi'ins ((T. Mardh‘s, 1923; Krishnamurti, 1929, 1930; 
Ramaiah, 1937; Prasad and Guruswamy, 1944; PnLsad and Doss, 1949; Desai and 
Sundaram, 1953; Desai, 1953). Th(‘ total intensity of light scattiTcd by 1 cm. 
layer of several g('l-forming systems has been meiisured by Kat ti (1948, 1949, 1953). 
Howeveu’, no work lets heeti report<‘d on the measurenuait of the angular variation 
of the intensity of light scattered from gel-forming systems. The present investiga- 
tion deals with the measurement of the intensitv of light scattered at 45'' (forward), 
90® (transverse) and 135® (backward) to the din'ction of the incident light from 
gel-forming systems of aluminium mcdylKlate and thorium arsenate during their 
setting. The (h‘ polarization factors of the traiLsversely scattered light have also 
b(»en determim^d for one concentration of each of these gels in order to study the 
density and anisotropy scattering during their gelation. 

Experimental 

.1. Preparation of the gel-forming systems : — • 

(i) Aluminium molyhdnte gels . — These gels were prepared b\^ the method used 
bv Desai (1952). Varving amounts of 20% solution of aluminium nitrate (Aj) and 
10% solution of t)otassium molybdate (Sj) were mixed and the total volume (T.V.) 
was made to 50 c.c. in all cases by the acidition of the requisite amount of distilled 
water. The turbid gel-forming mixture obtained immediately on mixing the two 
solutions was shaken till it became clear and the test-tube containing the clear 
liquid was transferred immediately to the observation bath for scattering measure- 
ments. 

(ii) Thorium arsenate gels , — These were prepared by the method of Prakash 
and Dhar (1929). Varying amounts of 6% solution of thorium nitrate (A 2 ) 

10% solution of potassium arsenate (B 2 ) were mixed and the total volume (T.V.) 
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was made to 48 c,c in all cases by adding the necessary amount of distilled water. 
The clear mixture was taken in a test-tube w^iich was immediately placed in tlic 
observation bath for scattering measurements. 

B. Medsurement of the depolarization factors : — 

The depolarization factors of the transversely scattcnnl light were measured 
by Cornu’s method taking all the necessary precautions. 

(7. Measurement of intensity of light scattering : — 

The intensity of scattered light was measured by a photoelectric method usifig 
a photomultiplier. The apparatus consists of two pirts, viz. (i) the p^jwer supply 
unit and (ii) the photomultiplier unit. 

The power supply unit wius built up using the circuit suggested by Zimm (1948). 
A detailed description of the circuit has been given by Zimm and only the circuit 
diagram is given here (cf. Plate XXII) for reference^r The unit was adjusted to 
supply a steady current of two milliamperes at dOO volts. 

The photomultiplier unit was based on the circuit given by Muller, Garmon 
and Droz in their book ‘Experimental Electronics’ (p. 76), and the circuit diagram is 
given in Plate XXII. The photomultiplier unit was built up on a small metal chassis 
which was properly earthed. The photomultiplier tube RCA 931 A was pla(‘(‘d in 
a metal cover mounted on the chassis. The m(‘tal cover had an (extended side tube 
of metal through which the scattered light could enter and fall j)erpendicularly on 
the sensitive vane of the photomultiplier. 

The test-tube containing the g(‘l-forming mixture wiis j>laced in the centre of a 
beaker containing water at 30%h which was used as the observation bath. The 
beaker was painted black on the outside and a black j)aper was wrapped round it. 
There w^re two slits on the paper diametrically opposite each other, which served 
as the entrance and the exit of the incid(*nt light. On one side of the beaker, slits 
were made corresponding to the angles of scattering studied. Care was taken to 
.s(^e that there w as no black paint on the beaker at the places corresponding to these 
slits. All the slits were 6 mm. x 6 mm. A slit of the same size was attached to the 
side tube of the metal cover of the photomultiplier tube. 

A parallel beam of light, obtained by placing a kuis at a suitable distance from 
a 400 watts mercury vapour lamp, was pass(‘(l through the tt^st-tube containing 
the gel-forming mixture. The photomultiplier unit was placed in front of a slit on 
the beaker in such a way that only the light scattered at a particular angUj fell 
perpendicularly on the sensitive vane of the photomultiplier tube. The current 
generated was measured by a ‘Spot galvanometer’ manufactured by the Cambridge 
Instrument Company Ltd, The sensitivity of the galvanometer was 110 divisions 
per microampere, each division on the galvanometer being equivalent to 1-6 mm. 
Since the intensities of light scattered at different angles by different gels were not 
the same, suitable shunt resistances wctc used in each case. 

Care w^as taken to see that the track of incident light w^as exactly horizontal. 
It W'(is. ascertained that the deflections on the galvanometer were due entirely to 
the scattered light falling on the photomultiplier and all stray light was eliminated 
by using suitable screens. The distance between the phoh)multiplier and the 
centre of the test-tube w^as kept the same and constant at all the angles of scattering. 
The solutions used for preparing the gel-forming mixtures were made dust-free by 
repeated filtration through sintered glass filters. 

Results 

Since different shunt resistances were used in each case, from the reculings 
obtained have been calculated the deflections which would have been observed if 
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no shunt rfisistances were used with the galvanometer. The deflections thus cal- 
oulat<Ml have been plotted against the time (in minutes) elapsed from the moment 
the t(‘Ht-tube cont waning th(* g<‘l-f()rming system was placed in the observation bath 
and tie* graphs obtainerl are shown in Figs. 1 to 6. From these graphs the values 
of iiiU risif y at definite intiTvals of time have been inteqx)lated and the values are 
given in Tables I to VI, in which i represents the time interval in minuter, 

and /jss"’ n pn sent the intensity of the light scattered at 45°, 90° and 136°, 
respectively, and T clenotes the time of setting of the gel as determined by Fleming’s 
rruthod, that is, the time interval at which the gel-forming mixture just ceases to 
flow tjven whe n the tc^st-tube i.s inverted. The other notations used, namely, Ai, 
B\ Bz ^^lid T.V. have already been mentioned in the experimental section. 

Table I Table II 

TnUmsity moaauromonta Intensity moasuroments 

Aluminium molybdate. geU Aluminium molybdate gels 

210C.C. 20 0 C.C. - 25 0 c.c. - 20 0 c.c. 

T.V. 50-0 c.c. T r>H' 50" T.V. - 60-0 c.c. T ^ 66' 46^ 



Table IT I 

Intensity moasiircmcnts 
Alufninium molybdate gels 
A^ 25 0 0.0. Bi 24*0 r.o. 


T.V. 50-0 c.c. Ti 5r 40" 



Table IV 

Intensity measiiromente 
Thorium arsenate gels 
.42 36*8 c.c. B 2 4*8 c.c. 

T.V. =- 48*0 c.c. T -- 70' 60" 
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Tablk V 

Intensity measurements 
Thorium arsenate gels 
Afi ™ 40*0 c.o. Bg ~ 4*8 o.c. 

T.V. - 48-0 o.c. T - 55' 30"' 


t 

in minutes 


-^80“ 

fl36* 


5 

1*0 

0*8 

0*8 

1*25 

10 

1*5 

1*0 

1*3 

1*16 

15 

3*0 

2*3 

2*3 

1*30 

20 

90 

4-5 

5*0 

1*80 

25 

20*6 

7-8 

7*5 1 

2*73 

30 

300 

10*5 

10*0 ! 

300 

40 

45-0 

12*8 

12-8 i 

3*52 

50 

550 

14*8 

13*8 

3*99 

60 

62*0 

16*3 

14*8 

4*19 

70 

66*6 

17-5 

15*5 

4*29 


Table VI 

Intensity measurementa 
Thorium arsenate gels 
Aj — 40*0 0 . 0 . Bj 6*4 o.o, 

T.V. - 48 0 0.0. T 45' 15' 


t 

in minutes 

^46* 

^ ^ 00 “ 

^ 136^ 


6 

14*5 

11*3 

11*0 

1*32 

10 

30*5 

18*8 

17*5 

1*74 

15 

54*0 

25*0 

230 

2*35 

20 

83*0 

30*5 

28*0 

2*96 

25 

112*0 

35*3 

32*3 

3*47 

30 

141*5 

39*5 

36*0 

3*93 

40 

189*0 

45*5 

41*8 

4*52 

50 

217*5 

49*3 

45*8 

4*75 

60 

237*0 

51*8 

48*5 

4*89 

70 

250*5 

53*5 

50*3 

4*98 


The results obtained on the measurement of the dep(>larization factors of the 
light transversely scattennl are given in Tables Vll and VIIT, in wliieh and 

p^ represent the depolarization factors of ilie transversely scattered light when the 
incident light is impolarized, vertically polarized and horizontally polarized, 
respectively. 


Table VII 

Depolarization measurements 
Alutninium molybdate gels 
Ax- 21*0 c.o. Bx 20*0 c.c. 
T.V. - 60*0 c.c. T - 68' 50" 


1 

( 

in minutes 

p 

f^u 1 

(%) 

Pv 

(%) 

Pk 

(%) 

1 1 

0*4 


88*6 

3 ! 


0*2 i 

86*9 

6 

0*6 

0*2 


7 


0*3 

85*3 

10 

1*3 

0*6 

8M 

16 

2*0 



20 

2*6 

1*0 

63*3 

25 

3*1 

M 


30 

3*8 

1*2 


40 


1*3 

61 0 

60 

5*8 

1*8 

59*9 

60 

6*6 

2*6 


70 

7*2 

2*6 


80 

7*2 

2*6 

69*9 

I 


Table VTIT 

Depolarization measuremonfs 
Thorium arsenate gels 
A 2 — 40*0 c.c. B 2 • 0*4 c.c. 

T.V. - 48 0 c.c. T 45' 16' 


t 

f>u 

Pv 


in minutes 

(%) 

(%) 

(%) 

1 

4*1 


01-6 

3 

4-3 

2*1 


5 

' 4*9 

2*2 


10 

5*1 

2*2 

89*0 

16 


2*5 

82*6 

20 . 

6*7 

2*7 

78*3 

26 

7*2 


70*4 

30 

7*7 

3*b 


40 


3*1 

66*6 

60 

8*2 

3*3 

62*1 

60 

8*8 

3*4 


70 

8*8 

3*4 

59*8 
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Discussion of besults 

I 

It iw s(‘on from Tables I to VI and Figs. I to 6 that, in both aluminium 
rnolvbdatc* and thorinni a,rscnat(* t^els, the intensity of light scattered at any angle 
is initially small and that the inteiLsity increases at first slowly and then rapidly 
and finally attains an almost constant value. From this it can be inferred that the 
particles in<T(‘ase in size and/or number during gelation. The results also show 
that the iiu n^ase in int<*nsity, that is, the increii^se in the size and/or number of the 
particles, continues eveti after the systems have ceased to flow (i.c. the time of 
setting of tin? g«‘l). 

The intensity of th(‘ transversely scattered light, can be split up into 

the density scatUTing resulting from the local inhomogeneities produced due to the 
tfiennal agitation (jf tlie particles in the medium, and /^, the anisotropy scattering 
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arising from the fact that the moment induced by an electric vector is not, in general, 
parallel to the direction of the incident electric vector, using the relations 
(c;f. Ramanathan, 1923; Zimm, Stein and Doty, 1946), 


la ~ ^90° ^ 6+6p~ ’ 


Recently, Zimm, Stein and Doty (1945) have pointed out that the above relations 
are valid only wlien the particle size is small and the value of is due to the aniso- 
tropy of the particles only, and that, whenever the value of is partly due to the 
appreciable size of the particles, the value of p^ in the above relations should be 

substituted by that of the factor ^ which represents, to a first approximation. 



^4 
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the ptirt of value due to the anisotropy of the particles. In the present case, the 
low v alues of (cf. Tables VII and VTIl) indicate that in both gels the particle 
siz<» becomes apprt'ciabh' in the later stages of gelation and hence the values of 

2p 

and I. liave been calculated using the factor - — ^ instead of the value of p in the 


above relations. The values of and thus separated are given in columns 
6 and 7, respectively, of Tables IX and X. It can be seen from these tables that 
the values of both and increase during gelation indicating that the particles 
increase in size and anisotmpy as gelation proceeds. It is also seen that the density 
scattering predominates over anisotropy scattering throughout the process of 
gelation. 
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Values of I and I ^ of the light transversely srattered during the setting of aluminium 

molybdate gels 

- 210 C.C.; Bj = 20-0 c.c. (cf. Tables I and VII) 


1 

in minutes 

11 

j 

2P„ 

'' !+/.„ 

6 Ip 
0+'6p 

^ 90 ® 

Id- ho 


5 

0-2 

0-004 

0-99 

2-0 

1-98 

002 

10 

0-5 

0-010 

0-98 

3-0 

2-94 

0-00 

20 

10 

0-020 

0-90 

6-0 

6.76 

0-24 

30 

1-2 

0-024 

0-95 

19-5 1 

18-52 

0-98 

40 

1-3 

0-026 

0-94 

44-5 1 

41*83 

2-67 

50 

1-8 

0-035 

0-93 

76-0 

. 70-68 

5-32 

60 

2-6 

0049 

0-90 

95-0 

85-60 

9-60 

70 

2*5 

0-049 

0-90 

103-6 

93-15 

10*36 

80 

2-6 

0-049 

0-90 

108*6 

97-66 

10-86 


7 
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Valuer of Ip and 1 ^ of the light transversely scattered during the setting of thorium 

arsenate gels 

Az - 40-0 C.O.; B 2 ^-4 c.c (cf. Tables VI and VIII) 


t 

in niinutos 

Pv 

(%) 


6 Ip 
O-fOp 

^90° 

1 -1 

^90 


1 

5 

j 2-2 

0-043 

0-01 

li-3 1 

10-3 

l-o 

10 

2 i2 

0-043 1 

0-91 

)H-K 

17-1 

1-7 

15 

2-5 

0-O40 ' 

0-90 

25-0 ' 

22-5 

2-5 

20 

2-7 

0-053 

0-K9 

30*5 

27-1 

3-4 

30 

:J() 

0-05S 

0-SH 

39-5 

34- S 

4*7 

40 

:m 

o-(h;o 

O-SS 

45-5 

40-0 

5-5 

50 

3-3 

0-064 

0-S7 

49-3 

42-9 

6-4 

60 

3-4 

0-060 

O-HO 

51 -H 

44-5 

7-3 

70 

3-4 

O-060 

0-SO 

53-5 

46-0 

7.5 


'rh(* n'sults ^iv(‘n in Tublnn T to VI also show that initially the int(*nsity of the 
lijjjht Rcatt(T<‘(l in the forwaicl dirc'etion (45°) is the some' as that in the backward 
direct ioTi (155°); howi^vtT, during gelation, the increase it\ intensity of lip;iit scatter- 
ed in the forward direction is far gnsater than that in the backward direction. This 
stateiiKMit is clearly hnaieht <»ut by the values of the ratio / 45 °//i 85 ° given in the 
last columns of Tables 1 to Vf. The continuous increase in the values of this ratio 
detinitely indicat(‘s that tlu‘ partich's increase in size during gelation. 

It lias been poinU'd out by Ostcr (1950) tliat, in a system containing large 
ind<‘p(‘ndent particii's, with incr(‘as(‘ in particle size the values of the ratio / 45 ®//i 36 ° 
approach the limiting valiK\s of 2-44 in the cast' of rod-shaped particles and 5*08 in 
th(* of disc-shaped part ich‘s. whereas in the case of spherical parti(*l(‘S the value 
of ratio incn'ases very rapidly with inert'ase in partith' siz(^ and the limiting 

value is very high. In both aluminium mtdybdate and thorium arsenate gels the 
piirticle sizt^ is fairly large as can be inferred from the low values of (cf. Tables 
VTI and VllI). Although in gel systems the particles cannot bo considered to 
hv strictly indey>eud('nt- of each other, the fact that the final value of the ratio 
is about 2-2 in aluminium molybdate and about 4 6 in thorium arsenate 
gels indicates that the particles in aluminium molybdate gels are probably rod-shaped 
while thc>so in thorium arsenate gels are probably disc-shaped. 

A comparison of Tables II and V with III and VI, respectively, shows that, in 
both aluminium molybdate and thorium arsenate gels, an increase in the amount 
of potassium molybdate (^r potassium arsenate in the corresponding gel-forming 
mixture increases the intensity of the light scattered and in the case of thorium 
arsenate gels the final value of the ratio / 45 ®//i 85 ° is also increased with the increase 
in the amount of ixitassium arsenate. On the other hand, a comparison of Tables 
I and IV with II and V, respectively, shows that an increase in the amount of 
thorium nitrate or aluminium nitrate in the corresponding gel-forming mixture 
causes a decrease in the intensity of the light scattered in both thorium arsenate 
and aluminium molybdate gels and a decrease in the final value of the ratio / 46 ®//i 85 ® 
in the case of thorium arsenate gels. Since the amoimt of aluminium nitrate or 
thorium nitrate, as the case may be, in the gel-forming mixture is always in excess 
of that required to combine ^vith potassium molybdate or potassium arsenate, it is 
p(^ssible that with an increase in the amoxmt of potassium molybdate or potassium 
arsenate a larger amount of the gel-forming substance (aluminium molybdate or 
thorium arsenate) is formed ; this increase in the amount of the gel-forming 
7B 
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substance may be resulting in the increase in the number and in the size of the 
gel-forming particles, as revealed by the increase in the values of the intensity of the 
light scattered and of the ratio The reverse effect observed on 

increasing the amount of aluminium nitrate or thorium nitrate is evidently duo to 
the i)eptizing action of aluminium or thorium ions. 


Summary 

The raeasuromont of the intensity of lip^hf scattered in <iifToront diivciions (iuring the sotting 
of gel-forming systems of aluminium molybdate and thorium arsenate shows that the size and 
anisotropy of the particles increase continuously during gelation. The ratio 745'»//i35® is found 
to increase continuously during the process of gelation and it lias been inferred from the final 
values of these ratios that the particles in aluminium molybdate gels are probably rod-sluiped 
while those in thorium arsenate are probably disc-shaped. 'Fho ullimatt' size and number of the 
particles is found to increase with an increase in the amount of potassium molybdate or pottrs- 
siura arsontato in the corresponding gol-forining mixture wliilo the reverse is o}>served when the 
amount of aluminium nitrate or thorium nitrate, as the case may bo, is increased. 
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LIGHT SCATTERING FROM GEL-FORMING SYSTEMS DURING AND 

AFTER SETTING 

Part II. Sodium Stearate in Octyl Alcohol and Sodium Stearate in 
Decyl i\i.conoL : Depolarization Measurements 

by K. P. Buck and V. Sundaram, The Institute of Scieiice , Bombay 
(Communicated by K. R. Dixit, F.N.I.) 

^Received February 6‘; read May 7, 19f}4) 

In two recent communications, Sundaram (19r)3a, 19536) has measured the 
depolarization factors of the light scattered in different directions from gel-forming 
systems of sodium oleate in xylene and has observed that the particles in a gel- 
forming system of sodium oleat-e in a non-polar solvent like xylene increase in size 
during gelation, thereby confirming the inferences drawn by previous investigators 
on the cooling curves (Prasad and Hattiangdi, 1945; Adarkar and Hattiangdi, 1946), 
viscosity (Prasad, Hattiangdi and Vishvanath, 1945; Hattiangdi and Adarkar, 
1946) and syneresis (Prasad, Hattiangdi and Mathur, 1946; Prasad and Sundaram, 
1951) of these systems. In the present investigation, a systematic study has been 
made of the depolarization factors of the light scattered in different directions 
during the cooling of gel-forming systems of sodium stearate in octyl and in decyl 
alcohols. 

Experimental 

A . Preparation of the geU forming systerm : — 

Gel-forming solutions containing 0 0%, 10% and 1*5% of sodium stearate in 
octyl and in decyl alcohols were prepared in Pyrex glass test-tubes of internal dia- 
meter 1-6"^ adopting the method descrilxtd by Sundaram (1953o). When the 
kjmperature of the solution reached 130'^C., the test-tube was removed from the 
oil-bath and transferred to the observativ>n bath for the depolarization measure- 
ments. 

B. Experimental arrangement and procedure : — 

The experimental arrangement and procedure adopted for the depolarization 
measurements were exactly the same as the one used by Sundaram (19536). All 
necessary precautions were taken to minimise errors, and the depolarization factors 
of the light scattered at 45° (forward), 67°, 90°, 112° and 136° to the direction of the 
incident beam were measured. 

C. Measurement of the gelation temperatures : — 

The gelation temperature of these gel-forming systems were measured in the 
usual manner (Sundaram, 1953a), using Fleming's method for noting the gelation 
point. 

Results 

The values of the depolarization factors of the light scattered in different 
directions are given in Tables I to VI in which T represents the temperature at 
which measurements were made, represents the temperature of gelation, C repre- 
sents the percentage concentration of soap in the system, and and have 

their usual significance. 
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Disogssion op Rksglts 

It i8 seen from Tables I to VI that the valnes of p^, and at any two angles 
of scattering situated symmetrically about the transverse direction (90®) are not 
the wime, that is to say, the polarization of scattering is unsymmetrical with respect 
to the transverse direction. 

The relations put forward by Ganesan (1924) and by Gninand and Tonnelat 
(1947) connecting the deiw)larization value with the angle of scattering are not 
found to hold good in the present investigation. The values of p^ and have 
been phjtted against the anghi of scattering at two temperatures for one concentra- 
tion of each system and the graphs obtained, shown in Figs. 1 and 2, clearly bring 
out the unsymmetrical nature of the polarization of scattering. It is seen that the 
graphs combine the featun.s exhibited in the theoretical graphs of Krishnan (1938) 
for small anisotrojtic particles and for large spherical particles. This indicates that 
the particle.s in these systems are anisotropic and of appreciable size. Since the 
unsymmetrical natuni of the graphs is mon; prominent at a higher temperature 
than at a lowtT one, it seems probable that the particles decrease in size during the 
cof)ling and gelation of these systems. 
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An^lc of Kartcn’nu 


It is also seen from Tables I to VI that the values of of the transversely 
scattered light are initially (at 130°C.) low and remain constant on cooling the 
systems up to a temperature a few degrees higher than the gelation temperature; 
on further cooling, however, th(3 values increiise over a short range of temperature 
and again become constant. The values of of the transversely scattered 
light are initially low and remain constant till the systems are cooled to about the 
gelation temperature while the values of p^ are initially high and remain constant 
during this initial stage of cooling. On further cooling both the values of p^ and of 
p, decrease for a while and again become constant. The increase in the value of 
Pj and the decrease in the value of p^ indicate that the particles decrease in size and 
in anisotropy during the cooling and gelation of these systems. The changes in the 
values of p^ are due to the changes in the values of p„ and p* since the three de- 


polarization factors are connected by the relation, p^ = (cf. Rrishnan, 
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1936a, 19356, 1938). The value of can be split up into two parts, one due to the 
anisotropy of the particle.s and the other due to their size. The anisotropic part of 

2p^ 

p value i.s given, to a first approximation, by the factor, and that due to size 


is fiiven by where J/>^ = 


^Pv 


(cf. Sivarajan, 1951). The values of Ap^ 


have been calculated in the present case and are given in column 11 of Tables I to 
VI. The values of Ap^ decrease during the cooling of the systems indicating that 


thf^ size of the particles decrea.s(‘8 during gelation. This supports the inference 
nuule on the basis of the changes in the values of p^. 

Tlu* obsfTVcd results may be explained on the following considerations. It has 
been oliscrvcd tliat in soap-water systems the soap docs not go into molecular 
solution but forms clusters which are colloidal in nature (colloidal micelles). A 
similar phenonumon may be taking place in the polar solvents used in the present 
investigation and the soap may be forming colloidal clusters when dispersed in the 
polar solvents at the higher tempiTature. During the cooling of the soap-solvent 
systems, the forces hohling the soap molecules in the form of clusters may be 
weakening and thendjy causing th(^ breakdown of the clusters. This will cause 
a redm^tion in the size of the particles. The broken-up particles may be getting 
solvatcMl at the sauH' time and, due <o the decrease^ in the thermal energy of the 
system, the system sids to a gel. 

The stmly (d X-ray diffraction of soap .'Solutions in polar solvents has showoi 
that th(? soaj) partic^les are oriented w^ith the hydrocarbon chains end to end and the 
pf)lar group tunuMl towards the solvent moh'cules. On cooling, the decrease in the 
thermal energy of the system probably causes an alteration in the orientation of the 
j)articleH in such a manner that the ‘effective size' of the particles decreases. This 
(lecrease in ‘(‘ffective size’ continues till the particles take up the solvent and the 
syskun sets to a gel. Once tlie systems have set to gels at their gelation tempera- 
tures, V(TV little changes can tak<‘ place' in the' orientation of the particles and hence 
the values of the el(*po|arizatie)n factors attain ce)nstancy ein further cooling. 

A coni[)arison of the Tables I to VI she)ws that the trend of the changes in the 
value's of thc' d('pe>larizatie)n factors is the same in .systems of different concentra- 
tions. Further, in the cikse eif tra^isvcrsc scattering, the values of Ap^ at lower 
tcm{)eraturos are distimdly higlu*r in systems containing lower amount of soap, 
indicating that the ‘effective size’ of tlie particles is bigger in systems of lower con- 
centrations than in those eif higher ones. This may be due to the fact that the 
[Articles in systems of lower concentrations may be undergoing lesser changes in 
orientation than tluise in systems of higlier concentrations. This view is supported 
by the fact that the final partich's in systems of lower concentration show a higher 
value for p^, that is, are more anisotropic, than the final particles in systems of 
higher concentration. 
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SUMMAKY 

The measurement of the depolarization factors, p^ and of the light scattered at 
different directions from gel-forming systems of sodium stearate in octyl cuid in decyl alcohols 
has shovm that the particles in these systems are anisotropic and of appreciable size. The 
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changos taking placo in the values of the ciepolanzation factors of the transversely scattered 
light during the cooling of these systems have shown that the particles decrease in sine and in 
anisotropy during gelation. The size of the final particles seems to be bigger in gels of lower 
concentrations than in those of higher ones. An attempt- has been made to explain the observed 
results on the consideration of the behaviour of soap in polar solvente. 
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1. Intro DTJCTiON 

The study of the problem of the internal constitution of the red giant stars 
has received considerable attention in recent years. These stars, found to be 
scatbTcd rather irregularly in a belt which branches towards the right off the upper 
region of the main ser|U(‘nce in th(‘ Hertzsprung-Russell diagram, are characterised 
by high luminosities in spite of their comparatively low surface temperatures. 
Since low surface temperature implies a rather small intensity of light emitted per 
unit surface, the high luminosities can be understood only on the hypothesis of 
oxtremely large dimensions. It was pointed out by Opik that an increase in the 
radius of a normal star might be obtained by assuming that the star has a central 
convective core with a higher value of the molecular weight than the surrounding 
radiative envelop<^ Hoyle and Lyttleton (1942), however, suggest that a large 
extension in the radius is possible only if this non-imiformity in the composition 
of the stellar mat(‘rial takes place sc^mewhere in the radiative region of the star. 
These authors also remark that the desired non-uniformity in the atmospheric 
composition may be bnnight al)out by the accretion of hydrogen from interstellar 
space to the surface of the star. It is convenient for purposes of analysis to represent 
tins non-uniforJiiity in the composition by a sharp discontinuity of the molecular 
weight p, though in an acttial case there will probably be a small transition zone of 
continuously varying p. If howevcT tlie accretion of hydrogen is solely responsible 
for the non-uniformity in coniposition, as is contemplated here, the discontinuity 
in /i is indeed strictly sharp, 

Hoyle and Lyttleton (1049), as well as Li Hen and Schwarzschild (1949) con- 
structed a number (ff stellar models under the assumption that the model consists 
of three parts: a central conv^^ctive core, an intermediate radiative region with the 
same chemical com|X)sition as that of the core, and an outer radiative envelope 
composed piindy of hydrogen and hence differing in composition from the rest of 
the stiir. The inhomogeneity in chemical composition thus takes place at the 
interface between tlie intermediate zeme and the hydrogen envelope. Some of 
these models also yield quite large extcn.sions of radii, as demanded by the observa- 
tions on red giants. None of these models, however, have been tested by reference 
to an actual red giant whose nuvss ( Jf), radius (R) and luminosity (L) are known 
from observations; in other words, the models have not been used to determine the 
composition, the central density and temperature of the star from a knowledge of 
itvS Ly M and JB. Unless a model conforms to this requirement, it must be regarded 
as a tentative one. There is also another point in the construction of these models 
w'hich deserves some careful consideration. The opacity of the st^^llar material 
has been assumed to be given by Kramers’ formula duly corrected for the guillotine 
factor, in both the intermediate zone and the hydrogen envelope. This assumption 
is not, however, free from objection in view of the fact that the opacity of a pure 
hydrogen atmosphere is not given by Kramers’ law in the usual form. 
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The purpose of the present paper is to examine whether a three phase stellar 
configuration of the type discussed above can be built up witli an opicity in the 
outer region appropriate to highly iouise<i hydrogen, Kramers’ formula for ojmcity 
being, however, retained to govern the structure of the intermediate radiative zone, 
the central core as usual being in convective equilibrium. The model should also 
bo able to furnish complete information regarding tlie internal constitution of the 
star from a knowledge of its three observable parameters, L, 3f and jR. Further, 
the possibility of constructing a two-phase configuration, namely, a configuration 
with a central convective core surrounded by an cnveloj)c of pure hydrogen in 
radiative equilibrium, has also been considered. It is found that a configuration 
consistent with all the conditions of thermodynamic and mechanical equilibrium, 
and with an energy output ♦ of the prescribed amount, does not exist under the 
assumptions involved. This conclusion leads one to believe that the outer layers 
of a giant star are probably not composed of hydrogen alone. An admixture in 
suitable proportions of other elements, with hydrogen in the outer layers of the 
star, may be regarded as an alternative hypothesis. 


2. The Basic Assumptions and the Structure of the Intermediate Zone 

As outlined above, the stellar model has been assumed to consist of three zones 
as follows : — 

(i) a central convective core within which almost the entire energy genera- 

tion takes place, 

(ii) an intermediate zone in radiative equilibrium having the same chemical 

composition as that of the core, and 

(iii) an outer envelope of pure hydrogen also in radiative equilibrium. 

The model would thus have a single discontinuity of composition occurring 
somewhere in the radiative region. In accordance with the usual convention, we 
shall regard the perfect gas law as valid throughout the configuration and shall 
ignore the influence of radiation pressure. Kramers’ law for photoelectric opacity 
as modified by Li Hen and Schwarzschild (1949) to account for the variation of the 
guillotine factor, will be adopted for the intermediate radiative zone, while an 
appropriate opacity law for highly ionised hydrogen will govern the structure of 
the outer envelope. 

The equilibrium equations in the intermediate zone embodying the above 
assumptions can be written down in the usual notations as 





.. (1) 


•• 

m 9 

.. (2) 


• • 

• • 

.. (3) 


The opacity coeflficient, according to Li Hen and Schwarzschild (1949), is given by 
K « ^ with ICO « 1025(1 +X){1 -X- 7), . . . . (4) 

where X, Y denote respectively the hydrogen and helium contents in the material. 


* The carlxm-nitrogen oyole and the proton-proton reaction have both been considered oe 
energy generating mechmuams in this oonneotton. 

8 
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In t<*rm8 of the dimensionless variables t, g, x (Schwarzschild, 1946) defined by 



T . M{r)^qM, r^ xR, .. 

.. (5) 

the equations {l)-(3) become 

11 

1 

.. (6) 


dx t ’ 

.. (7) 


(It _ C y -6 
dx ’ 

.. (8) 

where 



a = 

3^0 / it- \ ^ Y 1 Li?' 25 

"4<ic [tiJIG/ W/ ilp ‘5 

.. (9) 

Introducing the following 

substitutions in equations (4)~(6), 


A = log , 
pQ 

^ = log , T = log , y = log ^ , . . 

.. (10) 


and assuming that the four constants with zero suffix can be chosen so as to satisfy 
the three conditions 


^0*^ 0 ’ 


ri 1-75 

1 -.-Q -, ~ 1 




Li Hen and Schwarzschild (1949) re-write the equations in the forms 


(11) 



= <l>-T-y, 

. . (12) 

— A— T— i/i+3j/ 

.. (13) 

= l-75A-9-26T-y. 

.. (14) 


These equations are to be integrated outwards with starting values of the 
variables appropriate to the conditions of fit obtaining at the interface between the 
radiative zone and the convective core which is an Emden polytropc of index n = 1»5. 
Since there is no discontinuity of composition across this interface, the homology 
invariants 


d log Mjr) y _ _ d log P _ log P 

d log r * dlogr * ^ d log T 


.. (16) 


must be continuous across it. Using these conditions Li Hen and Schwarzschild 
(1949) have integrated the equations (12)-(14) and given the solutions in tabular 
forms. These solutions which depend on one parameter (f is the independent 
Emden variable, i.e., the radial ffistance for the polytrope w =s 1*6) defining the 
radius of the central convective core and chosen arbitrarily, determine uniquely 
the structure of the intermediate zone. 

8b 
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3. Thb Struotuhe of tub Hydrogen Envelope 


The structure of the hydrogen envelope is governed by equations (1), (2) and 
(3), except that in equation (3) the opacity coefficient k hjia the value appropriate 
to highly ionised hydrogen, viz. 

_ n 

K == BFT~ e^'^' , (16) 


where ^ is a numerical constant and x\ t'iie ionisation potential of hydrogen. This 
formula for the hydrogen opacity has been obtained by Wasiutinsky (1940) and has 
been used by him to find an approximate * pressure-temperature relation in the 
hydrogen envelope in the form 


where 


2 ^ 

P = , 

\/i9a 


(17) 


JBL 
lenacOM ‘ 


(18) 


Wc shall now use equation (17) to calculate tlio temperature distribution in 
this region. 

Inserting the value of k from equation (16) in the radiative equilibrium 
equation (3), and using the perfect gas law 


one obtains 



PT. 


dr 16 True k r- 


which with the help of equations (17) and (18) be written as 


dr 19 k 


An integration of this equation, taking /x = J leads to 


1^ 

r2 


19^^ k 


0 



1?L 

dT 



where T, refers to the surface temperature of the star assumed to be non-zero to 
avoid the divergence in the integral. 


* The variation of mass in the region under consideration has been ignored in this derivation* 
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Th(^ mass distribution inside the hydrogen region can now be obtained as 



The integral in equation (20) is to be evaluated numerically by using the T-r table 
that may bo constructed from equation (19). 


1. The Equations of Fit 

At the inttTfac(3 (where the discontinuity in composition occurs) between the 
int(Tme(liate radiative zone and the hydrogen envelope, the usual conditions for 
the continuity of r, 3/(r), P and T expressed in terms of the dimensionless variables 
in equation (10) lead to the following relations, 




.. (21) 



.. (22) 


.. (23) 



• • (24) 


whore the suffix 2 refers to the interface under consideration and fi denotes the 
constant molecular weight in the entire region interior to this interface. The four 
constants Xq, Po, Iq are connected by equations (11). There is the further 
condition of the continuity of L{r) across the interface, wliich may be obtained 
thus — 

The equations of hydrostatic and radiative equilibrium in the hydrogen envelope 

give 

dP 47TcOM(r) ’ 

which with the help of equation (17) may be written in the form 

15 X 

L(r) _ 1 KSnacOT^ 

M(r) n+1 W P2 ® 


19 ^ 

IOttocO T ^ 

= -m~pi • (4+38Sfj 

In the intermediate radiative zone, one similarly obtains 


(25) 


/ dlo g P\ _ IQiracG M(r) 

\d log Tj 

md 3<eo Hr) 

IQvacOT'^^ ( k Jf(r) 

3*0 p \yji) \p; 


(26) 
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Equality of from equations (26) and (26) therefore gives the desired condition 
at the interface as 






where the suflSx % denotes the value 



on the inner side of the interface. 


.. ( 27 ) 


6. Construction of thb Model 


We have seen how with an assumed set of values for L, M and R, the structure 
of the hydrogen envelope can bo completely det-ermined. The compilation of the 
complete model may then be proceeded with with the help of the homology invariants 
U and F. Starting with the definitions of C7, V and using equations (1) and (2), 
one easily obtains 


C7 47r r^P 
G {ilf(r)}2* 


(28) 


which shows that the ratio is continuous across the interface between the hydrogen 

envelope and the intermediate radiative zone, i.e. across the surface of discontinuity 
of fi. Since the quantities occurring on the right of equation (28) can all bo calculated 

at any point inside the hydrogen region, the ratio will therefore be known at 

every point of it. Further, this ratio can also be calculated at any point of the 
intermediate zone, corresponding to each of the tabulated solutions provided by 
Li Hen and Schwarzschild (1949). Starting therefore from the surface of the star, 
we follow the liydrogen envelope solution, terminate it at an arbitrary point 
and pass on to any chosen solution (from the tables of Li Hen and Schwarzschild) 
of the intermediate zone characterised by its parameter and satisfying the con- 
tinuity condition for ^ at the point where wo break off the envelope solution. 


Along any solution of the intermediate zone, the ratio — decreases steadily outwards. 


These solutions have the further property, as will be evident from the integrations 
of Li Hon and Schwarzschild (1949), that some of them (f^ <1*12009) show a 
steadily increasing n outwards and ultimately behave like isothermals (w->oo), 
while for others (^i >1*12009) n increases steadily at first, attains a maximum and 
then gradually diminishes. These latter solutions will cease to be applicable for 
a fit with the hydrogen envelope after n drops below 1*5. It appears therefore 
quite possible that within the range of applicability of these solutions, they may not 


be fitted on, as far as the continuity of the ratio ^ is concerned, to the envelope 


solution at an arbitrary xx)int. When, however, the fit is possible, at the junction 
of the two solutions, the variables y 2 > ^2> ^ 2 > '’’2 intermediate zone will all 

be known and equations (21)-(24) will then fix up the values of the quantities 
a^o, ?o» Po ^*^0 appropriate to the fit. It should, however, be observed that the 
quantities Vo f^kus determined must conform to the restriction 


9o • * * 


.. ( 29 ) 
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irnpr>s<^(l on them by the first two of equations (11). A suitable choice of the 
position of the Hurfacc of discontinuity of fx will enable one to secure this adjustment 
without much difficulty. The condition 






in equation (11) then determines the value of which in conjunction with the 
already known value of ixIq would fix up the value of /i, the molecular weight of the 
nuvterial in th<‘ n'gion interii^r to the hydrogen enveloj)e. The composition para- 
meters (viz. the hydrogen and helium contents) as well as the central density and 
temperat un^ are now to be found for the complete model. This is done as follows: — 


The condition (Kcjuation (II)) 


d(>termincB C. Writing 


(r 


Vo 


h) 


== I 


2 

H = =fi{X, F), 


(30) 


where X, Y d(mot(‘ respmdively the hydrogen and helium contents, equation (9) may 
b(‘ put in the form 

C^fJX, Y, (31) 

The (‘TKTgy-output equation will furnish another ndation of the type 

L^f^(X, (32) 

Tc, pc being the central temperature and density of the model sought. Finally 
we have equation (27) which we rewrite in the equivalent form 

()-4(A, 7, r^) (33) 

The four equations (30)~(33) therefore fix the values of the four quantities X, 7, 7^, 
Pc and a set of physically admissible values, for these would complete the construc- 
tion of the desired model. 

It will be observed that the procedure adopted here involves two arbitrary 
choic('S, viz. the |)osition (ro) of the surface of discontinuity of composition and the 
size (^i) of the central convective core. 


6. The Energy Generation Law 


Wliile it may be generally admitted that the carbon-nitrogen cycle of Bethe is 
capable of explaining the energy production in the main sequence stars, the corres- 
|X)nding question for the red giants appears to need further investigation. We shall 
liere examine the roles of both tlie 0 — N cycle and the Proton-Proton reaction as 
mechanisms of energy liberation in the red giants. The luminosities according to 
the two processes are given by (Epstein (I960)) 




2-84 X 107 
0'0585 


1 

-yXoii,piT/\ 


(l 


( 34 ) 
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and 


6 23xjiq25 
0 3396 ' 




11 


X^piT * 






(3r>) 


where OC24 is the relative abundance of having the value 0*01, 0 the dependent 
variable in the Emden polytrope of index 1*5, and 7V is expressed in millions of 
degrees. The integrals in equations (34), (35) are to be evaluated numerieally and 
should become sensibl}^ constant within the convca'tive core. The integral in 
equation (34) does indeed attain a nearly constant value at about ( = 1*20, while 
that in equation (35) does not become constant till almost the boundary of the 
p<^)lytrope is reached. In otlier words the energy geiKTating core in the P-P 
reaction will be unusually large and this will have the efft'ct of violating the equations 
of fit which must necessarily hold at the junction of the intermediate radiative zone 
and the hydrogen envelope. In fact we shall see that no model of the desired typo 
can exist with the core radius (fi) exceeding 1-20. It therefore follows that the 
P-P reaction alone is incapable of accounting for the energy generation in a model 
of the typo considered here. Under the present assumptions tlu^efore the C — 
cycle must be looked upon as the probable mechanism for the energy production 
in the red giants. 


7. Ntjmbrioal Results 


It is now necessary to carry out numerical calculations according to the scheme 
outlined in the previous sections in respect of some observed reel giants. But, 
unfortunately the observational data regarding masses of these stars appear to be 
somewhat uncertain and of a very limited extent. However the best available data 
seem to be provided by the red components of the two binaries, Capella and Zeta 
Auriga. The direct observational value of four solar masses for the red component 
of Capella has recently been called into question by Stnive (1951), who ascribes to 
it a mass value of about 2*7 in solar units. This new value also in its turn is not 
free from uncertainty. 

For the red component of Zeta Auriga, a mass value around 16 solar masses is 
furnished by observational data. This observational result is based on the deter- 
mination of the mass function and the mass ratio, which latter appears to be quite 
unreliable on account of a very limited range of observation. In view of these 
uncertainties, we have adopted the earlier observed values for the mass, radius and 
luminosity of the red component of Capella for the purpose ()f calculations in the 
present paper. Calculations for the red component of Zeta Auriga have not oeon 
undertaken on the same ground of uncertainty. 

The observed values (in solar units) for the red component of Capella are 

log L = 2-08, log M =: 0-64, log R = 1-02. 

With these values the surface temperature Ts calculated from the formula 


L 



comes out to be T, = 4-79 X 10“3 expressed in millions of degrees. The temperature 
distribution inside the hydrogen envelope is now given by equation (19) and is shown 
in Table I. 

With the temperature distribution in Table I, the integral in equation (20) is 
evaluated numerically, and the mass distribution obtained as in Table 11. The values 
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Tabub I 

Temperature dUtribution inside the hydrogen envelope 

V- = 1-671 X 10» 
k 


T. 10"® 

r 

R 

f 

R 

1 

o 

4-79 X 10~® 

1-0 

1-00 

4-79x10"® 

10x10-2 

0-912 

0-90 

1-26x10"® 

0-1 

0-756 

0-80 

6-26x10-2 

0-2 

0-667 

0-75 

10-26x10-® 

0*3 

0-600 

0-70 

14-76x10"® 

0.4 

0-540 

0-65 

21-24x10-® 

()-r> 

0-502 

0-60 

0-30 

00 

0-464 

0-65 

0-40 

0-7 

0-432 

0-50 

0-50 

0-8 

0-404 

0-47 

0-66 

00 

0-380 

0-44 

0-66 

10 ’ 

0-358 

0-41 

0-75 

1-2 

0-322 

0-38 

0-90 

10 

0-267 

0-35 

1-05 

2-0 

0-229 

0-32 

1-20 



0-30 

1-34 



0-28 

1-49 



0-26 

1-67 



0-24 

1-87 



0-22 

2-11 



0-20 

2-40 


of fi and Tc aro then computed in some sample cases corresponding to arbitrary 
choices insidt‘. the luodid of tlie jx)sition at which the composition changes, and the 
size of the o<?ntral connective core. These values arc listed in Table III. 


Tablk II 

Distribution of mass inside the hydrogen envelope 


I 


R 

M 

1-00 

1-00 

0-70 

1-00 

0-50 

0-9694 

0-44 

0-9254 

0-41 

0-8906 

0-38 

0-8206 

0-35 

0-7096 

0-32 

0-5587 

0-30 

0-3580 

0-28 1 

0-2330 

0-26 

0-0346 
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Tabus III 

The valuer of and Tc in some sample cases eorresponding to arbittaty choices of fg and (i 









^2 

B 

U 

y 

(radium of 


3V10'“ 



oonvectivo 






core) 




0-32 

0-7865 

0*2043 

0*288 

1*90 


0-35 

0*3663 

0*1694 

0*339 

2*09 

M189 

0*38 

0*1804 

0-1446 

0*356 

2*23 


0*41 

0*0857 

0*1142 

0*296 

2*08 


0*44 





0*32 

0*7865 

0*2043 

0*290 

1*90 

M204 

0-35 

0*3663 

0*1605 

0*344 

2*11 

0-38 

0*1804 

0*1461 

0*375 

2-36 

i 

1 

0-41 

0-0857 




1 

0-32 

0*7865 

0*2044 

0*292 

1*91 

M213 ! 

0*35 

0*3663 

0*1696 

0*354 

2*17 

0*38 

0*1804 

0*1495 

0*396 

2*46 

1 

0*41 

0*0857 

1 





0*32 

0*7865 

0*2046 

0*294 

1*92 

M250 

0-35 

0*3603 

0*1714 

0*360 

2*21 


0*38 

0*1804 




M400 

i 

0*32 

0-35 

1 

0*7865 

0*3663 

0*2075 

0*302 

1*97 

1-2000 

0-32 

0*7865 





8. Discussion of the Results 

The missing figures in Table III imply that the equations of fit admit of 
no solution in the corresponding cases, because along the relevant intermediate 

zone solution defined by ii, the ratio ~ does not attain the requisite value 

before n drops below 1-6. This feature will be common to all intermediate 
zone solutions defined by 1*12009, while for solutions with 1*12009, 

the fit with an hydrogen envelope as far as the continuity of ^ is concerned, 

can be obtained at any place inside the model. It is also easy to see tliat for 
any intermediate solution of the former class {fi> 1*12009), if the continuity 

condition for p becomes invalidated at a particular point r 2 of the hydrogen at- 
mosphere, it will become so at all points further outwards. For this family of 
intermediate solutions therefore it has not been possible to extend the calculations 

beyond (outwards) ^ == 0*38 roughly. For the latter class of intermediate 
solutions (^l < 1*13009), however, the fit equations can be solved even beyond 
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s= 0 3H, but the computed values of p and T* will gradually diminish and render 

R 

the fittcfl solutions physically inadmissible. It has also been verified that for both 
families of the intermediate solutions considered here, the initial value of the ratio 


U 

V 


viz., the value on the surface of the convective core, is less than the value of the 


corroH{>onding quantity at any point given by ^ < 0*32 (approximately) inside 


the hydrogen env(*lope. This remark will not, however, be applicable to intermediate 
HolutioUH charaeteris(;d by sulliciently smaller than i'1189, but such small values 
of will not b(? compatible with the hypothesis that there shall be no appreciable 
eru^rgy generation outsider the convective core. This shows that a fit of the hydrogen 
(‘nvel()p(‘ with the intermt‘diat /0 region cannot be obtained at a distance smaller 
than 32 per ermt of the star’s radius. A solution of the fit equations, if any, should 


thus be sought for in the range 0*32 ^ < 0-38. It is here necessary to emphasise 

that the different solutions of the equations of fit constitute a two-parametric family, 
as will be (*vident from Table T 1 1 which shows that corresponding to a given position 
of the Hurfacf^ of discontinuity of comjKxsition, there are more than one values for 
the radius of the central convective core. 


9. [MPossiBrniTY of thf Three-phase Configuration 
The. results in Table 11 1 have been presented graphically in Fig. 1, where fx has 


0 40 

0.^8 


0 J6 

C 32 


0-30 


0 26 ' 1 1 1 I I I 

O 31 0-3t 0 35 0-3$ 0 41 0 44 0-47 0 50 

^t(f< 

Fio. 1 . The numbers alongside the curves refer to values of the radii of the 
oonvootivo cores (fi) corresponding to the computed models. The point 
marked ( x ) refers to — 1*1400, 



been plotted against 


R' 


It will be observed that the computed values of fi cor- 


responding to either a constant value of or a constant value of ~ are all less 

R 

than 0*5. These values of fi are clearly physically inadmissible because for any 
medium different from pure hydrogen the average molecular weight cannot drop 
below 0*6. Any solution of the stellar equations that envisages a model of this 
typo must therefore be discarded as being contrary to physical reality. Moreover, 
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the central temperatures of these models are found to be so low (2-3 million degrees) 
that thermonuclear reactions involving energy releases can hai*dly occur under 
such conditions. Even if it is admitted that the pi'oton cycle of energ}^ generation 
is operative at these low temperatures, it will not be possible to account for the 
lugli luminosity of the star unless a value of the central density in tlie neighbourhood 
of 10^2 gm./cm.3^ is permitted for the model. Such high values of the central 
density would inevitably imply a breakdown of the perfect gas cqiiation of sUte 
whieli is the very basis of the present investigation. 

There is no doubt that particular values for L, M and R appropriate to an 
actual red giant star have been used in these calcsilations, but it has been vt^rified 
that the calculations are not quite sensitive to these L, M. R values. Furtherinon^ 
the results do not also depend on the form of the energy goi\i‘ration law, viz. the 
C-N cycle or the P-P reaction. In fact the opacity law for pure liydrogen which 
prevents a rapid rise of temjxTature inwards from the surface of tlie star is res- 
ponsible for these extraordinarily low central temperatures for the computed models. 
A three-phase configuration with an outer atmosphere of pure hydrogen cannot 
therefore be regarded as a tx)S8ible model for the red giant stiirs. 


10. The Two-phasb CoNFiaxTRATioN 


It is now necessary to examine whether a two-phase configuration consisting 
of a central convective core (a 3/2-polytrope) surrounded by a hydrogen envelope 
in radiative equilibrium can serve as a possible model for a red giant. The dis- 
continuity in composition occurs on the surface of the convective core and the 
conditions to be satisfied here arc 



5k 


M(rA 




^npGIl p 




■■ 


(36) 

(37) 

(38) 

(39) 


where the indices e and i refer respectively to the envelope and core side values on 
the common boimdary. 

The energy output equation will furnish a relation of the form 

/{Z, (40) 

and also there will be another relation analogous to equation (33) and of the form 

F{X, r, f ,) = 0 (41) 

Equations (36)-(40) would enable one to determine the five quantities 
X, Y, Tc and />« and equation (41) would serve as a check to test the correctness 
of the fit. 

Calculations on exactly similar lines as in the three-phase configuration have 
been made for the red component of Capella using the P-P reaction as the energy 
generating mechanism and the results given in Table IV. 


* An actual application of fonnula (36) under assumed oonditions T«~4 millions, I , 

^rw0*5 leads to this result. 
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Tablb IV 

Approximate values of the central temperatures and den»itiea for the two-phase configurations 


R 

(i 

(convective core 
radius in 
Emden 
variable) 

i 

i 

Pc 

(gm./cm.*) 

0-70 

3‘60 

130 

1-6x107 

0-60 

3*50 

6*8 

2-5 X 1010 

0-60 

3-20 

6-0 

8-0x1011 

0-40 

200 

4'0 

9-1x101* 

0*3() 

Ml 

1*6 

1-6x1017 


It will appear from Table II that the mass of the hydrogen envelope up to a 
depth of about 30 per cent of the sUxr's radius may be regarded as negligibly small, 
and und(;r this circumstance a two-phase configuration with a convective core 
exkmding beyond 70 pcT cent of the star’s radius would hardly have any physical 
significance. Calculations in Table IV have not therefore been extended beyond 
this range. The orders of the computed central densities and temperatures defi- 
nitely indicate a breakdown of the jx^rfect gas law, so that a two-phase configuration 
in conformity with our basic assumptions cannot also serve as a red giant model. 
The problem, howc'ver, of tlu^ existence of a red giant model (with no convective core) 
in radiative equilibrium at the centre and having a hydrogen atmosphere also in 
radiative equilibrium has not been attempted here for want of a lack of more detailed 
knowledge regarding the integration of the radiative equations from the centre 
outwards. 

Lastly there remains the question whether it is possible to construct a red giant 
model with pure hydrogen in radiative equilibrium throughout. The decisive 
answer to this question requires numerical integration of the stellar equations for 
the appropriate hydrogen opacity which is not available at the present moment, 
but from the temperature distribution inside the hyckogen envelope we have con- 
sidered, one may rciisonably corjectme that the central temperatures of the 
integrated models would be too low to account for the high luminosities of the red 
giants. Moreover, there is also the difficulty of thermonuclear energy generation 
in a pure hydrogen star. 

Then>foro the conclusion may bo drawn that red giant stars cannot possess 
atmospheres of pure hydrog(*n. 


Summary 

This paper attempts to answer the question whether a three-phase configuration consisting 
of a central convective core, an intermediate radiative zone (having the same chemical com- 
position as that of the core) and an outer envelope of pure hydrogen also in radiative equilibrium, 
can servo os a suitable model for a rod giant star, whose moss, radius and luminosity are known 
from observations. An opacity formula appropriate to highly ionised hydrogen has been used 
for the outer envelope, while the usual Kramers* law of opacity has been assumed for the inter- 
mediate region. The central temperatures for the computed models satisfying all these con- 
ditit)ns are found to be extremely low (about 2-3 million degrees), so as to be totally inadequate 
to account for the high luminosities of these stars by any of the known mech anisms of thermo- 
nuclear reactions. A two-phase configuration consisting of a central convective core surrounded 
by a radiative hydrogen envelope has also been considered in this connection. It is found that 
here also tlie equations furnish no physically admissible solutions. 

It is, however, known that three-phase configurations can be built up with central tem- 
peratures appropriate for thermonuclear enerj^ generation, when Kramers* law of opacity is 
assumed to hold throughout the model outdde the centi^ convective core. The different 
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behaviour obtained in the present case is clearly to be attributed to tlie opacity governing the 
structure of the hydrogen envelope. 

It is thus reaaonc^le to conclude that under the conditions envisaged hero an atmosphere 
of pure hydrogen is not compatible with the struoture of a red giant star. 
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Introduction 

KersliniT (1011) has disiMi.s.srd tin* variation pressure along the length of a 
roeki^t inotor, having tubular or multi-tubular propellant, for a given value of A^JAp. 
W<3 have (^xt<‘nd(i<l iiis tnatmruit and derived an explicit expression for pressure 
which gives its variation along th(‘ length <»f the motor as well as with time. 
Wo have also expn ss(‘d i-ujCi} as a function of t ime. 

The t<‘mperatur(‘, gas velocity, a-jhl\ nslnccd mass velocity, erosion ratio and 
rate of burning fiav(‘ also i*>cpressed as explicit functions of time t after ignition 
and distance x fnnn the head end. 


Variation of Pressure 


K<‘rHhn(r (lb 11) has siab^d that, an analysis of the equation of motion of the 
projKdlant gasis sliows that the distribution of pressure along the length of the 
rocket motor is apfiroxiniiitxiy paraliolii; for rockils, using tubular or multitubular 
projxdlants. Ib^ t'xprevssi^s the pressun* at the nozzle end of the propellant 
grain and the space avtTagt' pressun' for a given small value of A^jAp as: — 

I (s'/ 1 (» 


(■) 


/'op- 


3 Ij;./ I 


(2) 


wht'Td V’o 

A, 

Ar 

and 


is the pressure at the luml of the chamber, 
is the area of the (liroat, 
is the {)ori area at any instant, 


yjhj 



From Eqns. (1) and (2) it is evidtmt that the pressure at any point distant x 
from the head end along the length of tlie motor is given by: 


P/Co= (3) 

whore L is the length of the propellant grain. 
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Substituting for Ap fixjm Appendix I we obtain P/Pq as a function of distance 
X from head end and time t after ignition : — 


P/Po = l- 2 ^(.r/L )2 At 2 /( 6 +ct)« 


The space average of P/P© at any instant is given by : — 






Al^ 

Ib+ct)^ ■■ 


( 4 ) 


( 6 ) 


The time average of P/Pq at any point is given by:- 


J (P/Po) dt 


P/Po 


J dt 


= 1 - 


2<f,{x/L)^At^ 
A {A — 4i'nN 


The space time average is 

I'” WFIP„)dxdt 


0 0 


C‘l! /-i 

J ] dxdt 

0 0 


1 - 


2^ 




( 6 ) 


t^A {A )'Ii()tji) 


( 7 ) 


Kershner has illustrated the variation of P/Po with xjL for a given value of AfjAj, , 
•e., at a particular instant. Fig. 1 illustrates the variation of P/Pq with time for 
xjL)^ = 0-96 for 2-25'' rocket motor (Appendix IT). 



Variation of c'JCd 

For low values of {AJAp) Kershner gives: — 



l-M/Ap)^ 


(8) 
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This may be expressed as a function of time by substituting for Ap firom the 
ap[M9ndix ; — 


At^ 


(ci)"* ^(6+c02 

The time average in given by:— 


\ _ I “A _ AtJ^ 
\(JdJ a 


(9) 


.. ( 10 ) 


TJu- variat 
1111(1 Figure 2 


Nr Rots) 

i^n \ 

lion of j with time for 2*25* rocket motor is illustrated in Table I 



Table [ 

Variation of {C'^IC^) unth time for 2-26' Rocket Motor 


t in B© 08 . 

0-05 

01 

0-15 

i 

0-20 

1 

0-26 

0-3 

0-36 

0-4 

0-46 

0-6 

(S) 

•9746 

•9806 

•9847 

• 987 C 

1 

•9898 

•9914 

•9927 

•9937 

1 -9946 

•9952 


VaRUTION OF U^/bT 

■ function where u is the gas velocity and T the temnerature of ffaaea 

IS of much use in internal ballistics of rockets. tmsjw _? <• n ® . 


relation between u*/bT and P/Pq 


Wimpress (1960) gives the following 


MbT) - (Po-P)/P » (l-P/Po)/(P/Po) 
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If we now use the relation (3) given above and the relation (lA) given in 
the Appendix 1 to this paper, we get that 


(i'j* 

= 

("X'T 


.. (11) 


This relation is not valid at x = L because then> the relation between u'^lbT 
and P/Pq given by Wimpross (1950) is no longer true (Kershner, 1944). 

Variation of Temperature of Propellant Gases 

Similarly the temperature of propidlant gases related to u'^/bT by the well- 
kiunvn relation 


can be put in the form 


_,_y-l 2<f,(xlL)^ 


TIT = » . I y-I )■ 

’ \ {{b+a)lA,)^-2<i>{xjLri 

Variation of Gas Velocity 


Wo have 


Hence 


u = (m2)‘ 


{ul^bTo) 


'‘=[ 5? ii“'«r 

r 24,{xiL)^ ]* 

[{ih+ct)IAt}^-2^{xlL)^\ 


2ct>(xlL)^ 


[ 2y {(b+ct)lAt]^-2^(xJL)^ 

Figures 3 and Figure 4 illustrate the variation of ul\/bTo with xjL and t for 
i = 0-1 secs, and {xlL)^ = 0-95 for 2-26' rocket motor (Appendix II). 


Q.OO * ' ' 1 — I 1 1 ‘ ‘ I 

OO OI 02 03 04 05 0-6 07 06 09 1-0 


Fio. 8. Variation of u/v'tr# witii teJL for 2'26'' rocket motor At 0*1 bbo. 
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t IN SECS ' •-» 

Kio. 4, V'twiation of uj^hTQ with i for 2*25'^ rocket motor at {xlL)- — 0-05. 


Vauiation of IvEduoed Mass Velocity 


'riu* mass v<dooify G and the critical mass velocity G* to produce unit Mach 
nutulH'r are ((Jrecn, ltK")4) lyy 


'' _4. 

/’o (y+i) (y+l) 


L \ y / ^ u ** J 


and 


C* 


y-f 1 2/>7’o 


Combining (15) uu<l (lb) we get 


O' 

a* 


(yd -1 


(™)r 


Using eqn. (4) wo get 


whtTc 0 


\y+U 


J' = 1 1 _ h+J Lr_ oA 1 ‘ 

1 ^ y ly+l ^ (6+ci)2/( J 

L ( (6+c<)2 I J •• 


2/(y-i) 


Variation of Erosion Ratio 


(15) 


(Ki) 


(17) 


(18) 


Several expressions for the dependence of erosion ratio e on the gas velocity 
have been proposed. The expression first proposed on the basis of British 
on 
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experiments with double base propellants relates the erosion ratio c to the linear 
gas velocity 


€ = ( 19 ) 

Another commonly used expression is 

e = l+ii- (20) 


where is the sound velocity. 

Some experiments have suggested the existence of a threshold velocity for 
erosion, i.e. 


€ = 1 for u < (21A) 

€ = for ?4 > viQ .. .. (21B) 

Aerojet Report No. 445 (1950) suggests 

t^l+kcO ( 22 ) 


On the basis of careful (‘xperimefits and analysis Green (1964) finds best agree- 
ment with experiment wlum the erosion ratio is correlated to the reduced mass- 
velocit}^ by the relations 



. (23A) 


€ s= 




.. (23B) 


where is the threshold reduced mass velocity for erosion. The average 

values of k and (6?/(?*)o for a number of propellants are 0*8 and 0*I6=F0 06 respec- 
tively. 

The space-time variation of erosion ratio is given by 


€ = ] for 




.. (24A) 


1 +* 


,r ( .(o\ 


for 



(24B) 


Pigs. 5 and 6 illustrate the variation of c with (xjL) and t for t =t 0*1 sees, and 
{xfL)^ =t 0*95 in the case of 2'26' rocket motor, taking {OjO *)0 «= 0*1 and k m 0*8. 
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p’lo. li. Viiriiition Ilf c with xjL for 2-25' rocket motor at t = 0-1 »ec. 



Vahiation ok Rate of Burning 


The rate of burning (Winipress, 1950) is given by 


Hence 







.. (25) 


.. (26A) 
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and 

r_i 24 >AtHxlL)^ )» 

ro I (6+c/)* f ^ 

['"I'-C-tS^TP-WJ 

for 

^ (^^)o * ' * * * * (2^>B) 

T 

Figs, 7 and 8 illustrate the variation of — with xjL and < for ^ 0*1 secs, and (xjL)^ =» 

^0 

0‘95 in the case of 2*26^ rocket motor (Appendix II). 
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Summary 

Thn auth^.rH hnvi^ (Ifirivfni and discussed expressions for the pressure, temperature, g€«- 
vcloi ity, inuH^ vri ic'ty, erosion ralir) and rate of burning as fimctions of distance Xy from the 
tiead end alor>K lengtli and time t after ignition in a nx'lCet moh^r chamber, using tubular 
or rnultitubula^ propellants. 
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Appendix I 

Port Area at any Instant 

(^)nsi(l( r u r()ck(*t tnotor of internal area Ay liaving N tubular propellants of 
l)urning thiekuess d. If the rat<‘ of l)urning is r, the tliickness after time t is d— 2rf. 
Hence, tin? port area A,, at any instant is given by 

A--27rNRo{d-‘^ri) ( 1 ) 

where Rq is the rtican radius which nunalns eonstant throiigliout burning. Eqn. (1) 
may 1x5 exju-esstMl as 

A^,=zb+ct (lA) 

where h = A Rq(1 and c = [ttNtRq, If ts is the time of burning d = 2rtB and 

Ikuu-o = A, 


Appendix II 

2-25' Rocket Motor Mark 0 

Wimpres.s (1950) giv<\s the iollovvinir specifieations for 2*25^ Rocket Motor 
Mark 9- - 

Inside Diameter = 2’01*^ 

Nozzle Throat Ansv = 0-479 in.2 

lA*ngth of Propellant Grain = 11-5* 

External Diameter of Propellant Grain = 1-7' 

Internal Diameter of Pro|Kdlant Grain = 0-6^ 

If the proixsllant used is J.P.N. hallistite, calculations show f ft# -SS'/sec. and 
(b 0*5 secs, at an ambient toinjK'rature of 70°F. Further 

b = 1'18 in.* 
c = 3-98 in.*/sec. 

For J.P.N. hallistite y = 1 '20, hence 
<f> = 0-2103 
e = 0-3856 
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Tables II and III illustrate the variation of P/Po» r/a/6To> (GlO'^)i 

€ and r/rQ with (xjL) and i for t = 0-1 secs, and (x/L)^ = 0-95 for 2*25'' rocket. 


Tabus II 

Variation of P/Pq, ti®/6T, P/To* Ws/^P©* c and rjro with xjL for 2*25'' rocket 

motor at < 0*1 sec. 


xlL 

PlPo 

u^lbT 

TITo 

ulJbTo 

QIQ* 

€ 


0-0 

1 

1-00000 

0-00000 

0-00000 

0-00000 

0-0000 

l-OOOO 

1-0000 

0-1 

0-99961 1 

0-00039 

0-99997 

0-01975 

0-0407 

1-0000 

0-9997 

0-2 

0-99844 j 

0-001563 

0-99987 

0-03953 

0-0756 

1-0000 

0-9989 

0-266 

0-99723 1 




0-1000 

1-0000 

0-9981 

0*3 

0-99G50 i 

0-00^512 

0*99971 

0*05925 

0-11225 

1*00980 

1-0073 

0-4 

0-90380 i 

0-00624 

0-99948 

0-07899 

0-1500 

1-0400 

1-0366 

0-5 

0-99020 

0-0099 ! 

0*99917 

0-09945 

0*1884 

1-07072 

1-0636 

0-6 

0-98606 

0-01415 

0*99882 

0-11874 

0-2241 

1*09928 

1-0886 

0-7 

0-98101 

0*01936 1 

0-99839 

0-13893 

0-2615 

1*1292 

1-1143 

0*8 

0-97520 

0-02543 

0*99788 

0-15937 

0*2978 

1-1682 

1-1383 

0-9 

0-96861 

0-03241 

0-99730 

0-17972 

0-3342 

1-1874 

1-1615 

10 

0-96125 j 

0-04031 

0*99644 

0-20050 

0-3699 

1*2160 

11833 


Table II T 


Varutiion of P/pQt u^lbT, TjTQ, xijJbTQ^ 0/0'^, € and r/rQ with time in case of 2*25^ 
rocket motor for {xjLy^ - 0*95 


t in secs. 

PIPa 

u^jbT 

TITo 

0-05 

0-95180 

0-0506 

0-9968 

0-10 

0-96319 

0-0382 

0-9968 

0-16 

0-97100 

0-0299 

0-9975 

0*20 

0-9765 

0-0241 

0-9980 

0-25 

0-9806 

0-0198 

0*9983 

0-30 

0-9837 

0-0166 

0-9986 

0-36 

0-9862 

0-0140 

0-9988 

0-40 

0-9881 

0-0120 

0-9990 

0-45 

0-9896 

0-0106 

0-9991 

0-60 

0-9909 

0-0092 

0-9992 

! 
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c 

rlro 

0-2254 

0-4021 

1-2417 

1*2001 

0-1957 

0-3610 

1-2088 

1-1780 

0-1732 

0-3110 

1-1733 

1-1497 

0-1552 

0-2891 i 

1-1513 

1-1325 

0-1407 

0-2640 

1-1312 

1-1169 

0-1288 

0-2423 

1-1138 

1-1012 

0*1183 

0-2232 

1*0986 

1-0881 

0-1096 

0-2076 

1-0861 

1*0771 

0-1025 

0*1939 

1-0761 

1-0674 

0-0959 

0-1814 

1-0661 

1-0684 
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OBSERVATIONS ON THE ATRIOVENTRICULAR CONDUCTING 
(CONNECTING) SYSTEM OP THE HEART OF HUMAN 
TWINS OBTAINED PROM AN ABORTED FOETUS ♦ 

hy Ravi Prakash, DtparimerU of Zoology ^ Ghvemment College^ Ajnier f 
(Communicated by K. N. Bagohi, P.N.I.) 

(Received March 11; read May 7, 1954) 

Introduction 

Kent (1893) believed that in the heart of cold blooded animals (fish, amphibia 
and reptiles) a perfect muscular continuity exists between atria and the ventricles. 
On this assumption he maintained that in the mammalian heart also there is no 
i)reak or interval in the atrioventricular connexions and that the fibres sweep un- 
interruptedly through from atria to ventricles. According to Kent (1893) the 
number of such fibres between atria and ventricles is much larger in foetal hearts 
than in the hearts of adult mammals. Subsequent investigators, however, failed 
to confirm Kent. Keith and Flack (1906) stated, Mn short, all the evidence we have 
been able to collect from human and comparative anatomy, from embryology, 
physiology and pathology, substantiates the theory that the muscular bundle which 
perforates the central fibrous body of the heart and connects together its atrial and 
ventricular parts, is the sole path by which the atrial wave of contraction passes to, 
and is distributed within the ventricles.’ Kistin (1949) also reported the absence 
of multiple connexions of Kent in the normal human hearts. He observed an 
atrioventricular bundle (bundle of His) at the cephalic end of the atrioventricular 
septum for conducting the cardiac stimulus to contraction from atria to ventricles. 
Prakash (1953, 1954a, 6, c) on the basis of his studies on the heart of vertebrates 
derives the following conclusions: (1) The ‘break’ denied by Kent in the atrioven- 
tricular muscular continuity of lower vertebrates and mammals exists in both, 
(2) an atrioventricular plug in fishes and tadpoles of frog and an atrioventricular 
bundle in mammals and birds are present at the atrioventricular junction of the 
heart and that these structures only afford the necessary pathway through which 
cardiac impulse will pass from atria to ventricles, (3) the occurrence of multiple 
connexions of Kent in mammalian heart will cause anomalous atrioventricular 
excitations (Wolflf-Parkinson- White syndrome). These conclusions (specially the 
last one) require serious consideration. Moreover, Keith and Flack (1906), Kistin 
(1949) and Prakash (19546) all have contradicted Kent (1893) as far as the hearts 
of newly bom and adult mammals are concerned but to verify Kent’s findings further, 
a study of foetal hearts is also desirable. 

In the present investigation the atrioventricular conducting (connecting) 
system of the heart of human twins has been studied and describe. The twins 
were obtained from an aborted foetus after about five months of pregnancy. 

Material and Methods 

The hearts after being removed from the twins of the aborted foetus were 
fixed in Bonin’s picroformol. Blocks were prepared according to paraffin embedding 

♦ Contribution No. 10 from the Department of Zoology, Gk>vemment College, Ajmer. 
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method and serially sectioned at 8/x. The sections were stained with acid fuchsin. 
Although a eom])let(; serial of sections was obtained of the heart of one of these 
twins, from the heart of the other only scattered sections could be mounted. The 
serial of thf) first heart included all the sections through the atrioventricular junction 
and as suc h the anatomy of the atrioventricular node, the atrioventricular bundle 
and of the limbs of the bundle, was easily studied. However, these observations 
were confirmed by having a look over the scattered sections of the second heart. 
As far as the author could ascertain the structure and disposition of the atrioven- 
tricular conducting tissue resembled in the hearts of the twins. 

Obskevations 

Atrioventricular node (Node of Taivara) : It lies as a well-marked and distinct 
structure <^n the right lateral border of the interventricular septum at a little distance 
from its cephalic end (Fig. 1). It can be located in the tissue lying between the right 
atrium and the ventricular s(‘ptuin. The node is easily distinguishable in cross- 
seotioriB laKNinse of its furcumsfaibed character. The atrial fibres penetrate freely 
at- the dorsal and cephalic portions of the node. The atrioventricular node at its 
caudal side receives fibres from the interventricular septum. Ventrally the fibres 
from the node extend irito tlu) body of the atrioventricular bundle (bundle of His) 
which is situated just beneath the node on the interventricular septum. 



Fia. 1. Diagnvin of the longitudinal soction of the heart passing through the atrioventricular 
node (Node of Tawara). Approx. x22. 

The fibres constituting the node are comparatively large but are very fine 
and narrower than those present in the atria or on the ventricular septum. These 
fibres ot the node are crossing each other so as to look like cells in longitudinal 
sections. A number of nuclei are also present in the node. The fibres and the 
nuclei ot the node resemble, in their general histological character, those described 
in the atrioventricular nodes of the rat (Prakash, 19546) and the fowl (Prakash, 
unpublished). Almost similar histological peculiarities have been mentioned for 
Ihirkinje fibres by various authors (Purkinje, 1845; Davies, 1930 and Kistin, 1949). 

Atrioventricular bundle (Bundle of His) : In serial sections it appears as if the 
bundle of His is arising from the mid-ventraJ region of the atrioventricular node. 
After taking its origin from the node, the bundle proceeds upwards towards the 

IB 
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cephalic portion of the interventricular septum. Tlie free cranial portion of this 
ventricular septum is membranous and is also curved so as to assume rather a 
sickle-shaped appearance (Gray, 1949). Because of its curved nature, this part of 
the septum intervenes not only between the right and the left portions of the ventricle 
but also between the right atrium and the left ventricle. Tlu^ bundle of His which 
is present in close association with this portion of the septum thus occupies an 
important intermediate position betw^een the right atrium and the left ventricle on 
the one hand and between the right and left ventricles on the other. Due to this the 
(jardiac stimulus to contraction which is being transmitted from the right atrium 
will have no other probable pathway except that through the bundle of His to 
reach either of the ventricles. 

Immediately before the interventricular septum is curved cranially, it is con- 
tinuous at its right lateral surface with the caudal portion of the interatrial septum. 
As the bundle of His extends across this area (Fig. 2) it is sure to pick up the impulses 
from the interatrial septum also before they are conducted to the ventricles. 



Fig. 2. Diagram of the longitudinal section of the heart to show the atrioventricular 
bundle {bundle of His) and its left branch. Approx. x22. 

The fibres of the bundle are rather thicker and are more compactly interlaced 
than the fibres of the atrioventricular node. The cells which are formed by the 
intercrossing of the fibres appear to be thick- walled and show prominent nuclei. 
The whole structure takes a deep stain with acid fuchsin showing its special histo- 
logical nature. 

A considerable amount of connective tissue is present between the atria and 
the ventricles particularly in the region of the free membranous portion of the inter- 
ventricular septum. The bundle of His extends over this connective tissue and 
proceeds forwards to reach the cephalic end of the ventricular septum. At this 
point the bundle of His bifurcates to form a right and a left limb. These limbs 
immediately descend on to the respective sides of the ventricular septum. The 
right limb which is a continuation of the bundle itself at its caudal end proceeds 
downwards to reach the base of the tricuspid valve. It appears as if the fibres of 
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the limb arc extending into the component of the medial cusp of the tricuspid valve. 
Davies and Francis (194(1) believe that due to functional requirement it is only 
in the avian heart that the right muscular valve receives a special early branch 
trorn tlie right limb of the bundle. According to these authors in mammals where 
tlie correnponding valve (tricuspid) is fibrous such a continuity between the fibres 
of the lira!) of the bundle and the valve is not necessary. To verify the validity of 
Hueh an assertion further investigation is desirable. 

4’Ijc left limb of the bundle travels downwards a relatively long distance along 
tlie left side of the interventricular septum. Afterwards its fibres become in- 
distinguishable from those of the septum. A thick band of Piirkinje fibres arises 
f rom btjfieath the cranial portion of the atrioventricular bundle and proceeds across 
the left ventricular cavity to become continuous with the fibres of the ventricular 
wall (Fig, 2). 

Tn none of the sections a direct continuity between the atrial and ventricular 
fibres of tfie heart was observed. The disposition of the bundle of His as revealed 
by th<5 [)re.seiit study is such that the atrial wave of contraction is sure to be picked 
up by the bundle bed'ort; it is distributed within the ventricles. The atrioventricular 
gap is l)riflg(j(l over by thc^ bundle of His and the atrioventricular node. 

Discussion 

Th(^ obje(;t of tliis resc'arch liad been to find out if in the heart of human embryos 
th(‘ atria are connected t-o the ventricles directly or tlirough an atrioventricular 
bundle only. 1’he present investigation confirms the absence of multiple atrio- 
verdricular eonnexions of !v(‘nt (1893) and points out that in the foetal hearts also 
as in the hearts of newly born and adult mammals (Kistin, 1949; Prakash, 19546) 
there, exists a eonstant muscular atrioventricular bundle at the atrioventricular 
juiK'iion of tlie heart. The bundle of His is the only connecting tissue between the 
atria and the ventricles, and as such plays an important role in transmitting the 
cardiac stimulus to contraction from the former chamber to the latter. The clinical 
importaru e of tlie bundle becomes ail the more greater because now it is apparent 
that if it is ('ut or damaged the atria will have no connexion with the ventricles and 
tlu^ atrinl stimulus to contraction will fail to reach the ventricles. There will be 
no co-ordination in atrial and ventricular contractions and disturliances of rhythm 
may arista leading to partial or complete heart block. Keith and Flack (1906) also 
emphasised this and turthcr maintained that the bundle passes along the upper 
margin of the intervcmtricular septum because it is the least disturbed part during 
systolic changes of the heart. 

The absence or otherwise of the multiple muscular connexions between atria 
and ventricles rather assumes special significance in the light of the observations 
ot Davies (1930) who found in birds the bundle of His as well as the multiple con- 
nexions of Kent. He correlated this with functional requirements of the avian 
heart and remarked that due to the rapid rate of heartbeat in birds, a rapid diffusion 
ot the impulse through diflerent cardiac chambers is necessary and hence the 
presence of both the bundle of His and the multiple connexions of Kent to act as 
transmitting apparatus. This means that multiple connexions are desirable in 
birds whore they serve as accessory pathways in addition to the bundle of His, for 
conveying the cardiac stimulus of contraction from atria to ventricles. In mammals 
as the rate of heartbeat is comparatively slow a quick transmission of the impulse 
from atria to ventricles is to be prevented but if multiple atrioventricular con- 
nexions are present the atrial wave of contraction is bound to reach the ventricle 
much earlier than has hitherto been noted in normal hearts without such connexions. 
In those hearts where the bundle of His is the sole transmitting apparatus for the 
cardiac stimulus between atria and ventricles, because of the peculiar structure of 
the bundle (Prakash, 19646) sufficient time elapses between the atrial and ventricular 
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contractions. This ‘pause’ or delay in the passage of the impulse allows the ven- 
tricle to be filled completely with blood before it in turn begins to contract (Prakash, 
IdrAb) and thus checks premature excitation of the ventricle. The absence of any 
other connexion other than through the bundle of His in foetal hearts also thus 
confirms the view that anomalous atrioventricular excitation (Wolff-Parkinson- 
VVhite syndrome) may be due to accessory pathways at the atrioventricular bridge. 

The right atrioventricular valve in mammals is membranous while the corres- 
ponding valve in birds is muscular. Davies and Francis w^hilo referring to the 
avian heart (1946) stated ‘To prevent regurgitation of blood into the right 
atrium, it is necessary that this muscular valve should contract at the outset of 
ventricular systole, and it is noteworthy that a special early branch from the 
right limb of the A.V. bundle (the branch erroneously homologisecl by Drennan (1927) 
with the mammalian right limb) passes directly into the valve and becomes con- 
tinuous with its musculature’. The present investigation reveals that in the heart 
of mammals also the right limb of the bundle proceeds towards the base of the 
tricuspid valve to enter into the component of its medial cusp. However, further 
study specially of the adult human heart is desirable to decide whether Drennan 
was right or wrong to homologise this branch of the atrioventricular bundle of the 
bird’s heart w^ith the right limb of the mammalian bundle of His. 

Kistin (1949) for the first time drew attention to the two different interpreta- 
tions of the terra ‘Purkinje fibres’. One view is that only those fibres of the heart 
should be designated as Purkinje fibres which resemble in their microscopical 
characteristics the fibres first described by Purkinje (1845) in sheep and other 
mammals. While some authors (Tawara, 1906) believe that the fibre component 
of the atrioventricular connecting tissue may be regarded to be of Purkinje type 
irrespective of its histological nature. Tawara (1906) also stated that the fibres 
described by Purkinje (1845) and the bundle demonstrated by His (1893) are parts 
of a single atrioventricular conducting system which is involved in the conduction 
of the cardiac stimulus from atria to ventricles. Kistin (1953) in a private com- 
munication to the author informed that Purkinje’s paper does not assign any 
conduction function to the fibres now known as Purkinje fibres. 

It has been observed by the author in the hearts of rats (Prakash, 19646) and 
fowls (Prakash — unpublished) that continuous tracts of ‘Purkinje fibres’ (fibres 
resembled those described by Purkinje) exist at the junctional sites of the various 
cardiac chambers. Specially a thick band of Purkinje fibres was seen to connect 
the caudal ends of the atrial septum and the atrioventricular node which suggested 
that the impulse travels from the septum along this band to reach the node. More- 
over, it has been seen that as in the hearts of the fowl and the rat so also in the heart 
of human embryos, the node of Tawara and the bundle of His are composed of 
Purkinje fibres. And as it has now been established that the node and the bundle 
are the only structures to convey the cardiac stimulus from atria to ventricles and 
that they consist of ‘Purkinje fibres’, there seems to be sufficient basis to believe 
that ‘Purkinje fibres’ are impulse- conducting fibres. 

SUMMABY 

1. The anatomy of the atrioventricular conducting (connecting) tisflue resembles in the 
heart of twins. 

2. Multiple muscular atrioventricular connexions of Kent are absent in the heart of 
human embryos also. It is argued that these accessory connexions, if present in the heart of 
mammals, may be responsible for anomalous atrioventricular excitations (Wolff-Parkinson- 
White syndrome). 

3. Views regarding the atrioventricular bundle to be the only connexion between atria and 
ventricles for the propagation of the cardiac stimulus to contraction in mammalian heart 
have been confirmed and expanded. 

4. Evidence has been produced to show that ‘Purkinje fibres* form an integral part of 
the impulse conducting tissue. 
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Ashreviations 

.!•. Atrioventricular bundle. 

\A N. Atrioventricular node. 

1. A.S. Interatrial septum. 
h.A. l.efl atrium. 

F . 1 k Left branch of the bundle of His, 
LA , l.eft voutricular cavity. 

1L\. -Uitrht atrium. 

T.\ . Tricuspid valve. 

V ..8. — Interventricular septum. 
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Introduction 

The bacterial flora of marine fish and of sea water has been studied all the 
world over with a view to explain the spiilage of fish and to control or prevent 
spoilage by the application of suitable techniques of preservation. The importance 
of various groups of bacteria can bo assessed cliiefly on the basis of their biochemical 
activities such as liquefaction of gelatin, peptonization of milk and production of 
indole, hydrogen sulphide, etc. (Snow and Beard, 1939; Shewan, 1949; Castell and 
Mapplebeck, 1952). 

Most of the work on fish spoilage has been carried out on marine fish. The 
existence of specific ‘marine’ bacteria has been postulated by ZoBell and co-workers 
(ZoBell, 1946; ZoBell and Conn, 1940; ZoBell and Upham, 1944) and quite recently 
Canadian workers also support this hypothesis (McLeod et al., 1953). It has been 
pointed out that gram negative t^qies predominate in marine water in contrast to 
gram positive soil types. Wood (1950a) on the other hand considers the existence 
of specific ‘marine’ bacteria to be doubtful but believes in a gradation from soil 
forms through estuarine to gram negative marine flora. His further work (19506) 
has shown that the flora (of shark) may be regarded as a modified marine flora in 
which the gram positive elements have been enriched and the gram negative ones 
are of little importance. Burke (1934) is of the view that there is an interchange 
of bacteria between the sea and fresh water. The question of occurrence or not of 
coliform bacteria in sea water and in guts of fish has been reviewed by Griffiths 
(1937). Coliforms are not normally inhabitants of the digestive tracts of marine 
fish from impoUuted areas (Gibbons, 1934 cited by Griffiths, he. cit,). 

Material and Methods 

The samples were collected off* Tellicherry in Malabar. The surface inshore 
water samples were collected IJ miles away from the shore, in sterile glass stop- 
pered bottles. Fresh mackerels were taken from the same area, direct from gill 
nets. Methods of collection and plating were the same as described earlier (Venkata- 
raman and Sreenivasan, 1952). Ability of the organisms to grow in fresh water 
media was also tested. The procedure for their identification was that as described 
in the ‘Manual of methods for pure culture study of bacteria’ (1952), with the 
modifications needed for specific marine bacteria (ZoBell and Upham, loc, cit.). 
The organisms were classified according to Bergey’s Manual (1948). Corynebac- 
teria were identified by the angular arrangement of their cells and ‘snapping division ’ 
(Jensen, 1952) in addition to the characteristics described in Bergey’s Manual. 


♦ Published with the kind pennis^pn of the Director of Industries and Oommeroe, Madras. 
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Results 

7Ventv4wo bacteria isolated from inshore sea water and one hundred from 
riiackt'n*ls w( re studied. Many of the colonies on the original plates were 
phosphorescent but on sub-culturing ceased to be so. Contrary to the notion 
(llurk^*, 1934) that ‘spreader' type of colonies do not occur in sea water media, 
we obs('rved invariably two-types of spreaders — one, a thin effuse subsurface colony 
and the other, a rhizoid spreader, esjjecially in low dilution plates. Other marine 
fnaterials like s(*a prawns and green mussels also yielded such spreader colonies. 

(U)liforms: They were absent in the inshore sea water as well as in guts and 
tl!‘sh of inackerels, when tested by enrichment in standard lactose broth and by 
direcd. plating on ‘V.R.B.’ (Violet red bile) agar. In the plate isolates, however, 
tluTc w'as a single strain of Aerobacter aerogenes, which is not of any significance, 
since it docs not indicate faecal contamination. Three of the isolates were slow 
lactose ferrrumting bact(^ria belonging to the sub-genus Paracolobactrum, and one 
of them was a strictly ‘marine/ form failing to grow in fresh water meeba, even 
aft(‘r Hubeulturing for months (Venkataraman and Sreenivasan, 1953a). 

Hacteridl flora: Bact(‘ria belonging to the following genera were noted among 
the. 122 (niltur(!S Htu(\\v(\ — Micrococcus, Bacillns, Achroinobacier , Sarcina, Flavo- 
hficttrlfun, Paracohbactnim, Pseudomonas, Corynebacterium^ Bacterhirn, Aerobacter, 
and Almligcnes. Some of the commonly occurring species are, Achromobacter 
saperficJale, A. thnlassius. A, aquamarimts, A. stenohalis, Micrococcus citreus, M. 
Jlivus, M. epidermidis, M. varians, M. conglomeratvs, M. cxiseolyiicus, Sarcina Jlava , 
S. Inlea, FUivobacterium dormitator, FI, halohydrium, FI. diffusum, FI. invisible, 
FI. marls, and Pstudomonas sessilis (ZoBell and Upham, 1944). Some of the aerobic 
spondbnning Bacillus having rose-red to pink colour resemble Bacillus subtilis 
mo r ph o t y p( * glob / g ii . 

From Table f ii is seen that the flora of slime and gills (external parts) are 
to Homt' extent identical with regard to the genera and even the ratio of these. 
Achromobacter, Bacillus and Paracololxicirum are present in nearly the same 
penMuitagc* in both. The gut flora differs from these, in that the Micrococcaceae 
account for 60% of the strains, while Bacillus is the next important group with 
17*5%, Other gt'uera are poorly represented in guts and Alcaligenes was present. 
A red Bacterium was present in the gills. 


Table I 

Shounng thfi numerical distribution of bacteria ac^cording to genus in various parts of fish 

and in inshore water 


Genua 


Inshore | 
aeiv water | 


Gills 1 Gilts 


j 

Slime I Flesh 


Total 


Achromobacter 

Flavobactoriiim 

Hacillus 

Micrococcus 

Sarcina 

Miscellaneous 


3 

0 

1 

15 

3 

28 

4 


1 

3 

4 

12 

2 

3 

3 

6 

16 

30 

11 

1 

6 

1 

11 

30 

1 


4 


7 

12 

1 

3 

2 

2 

2 

10 

(Aero- 

(Pseudo- 

(Bact- 

(Para- 

(Coryne- 


bftcter) 

monas 2 
Paraco- 
lobact- 
rum 1 ) 

erium 

1 Alcali- 
gones 1) 

colo- 

bact- 

nim) 

b€Mjt- 

erium) 


22 

13 

17 1 

27 

1 ^3 

122 
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'Marine' species: As regards their ability to develop on fresh water media, 
the results are quite interesting. In the inshore water flora only three Flmobacter 
failed to grow in fresh water media, and can therefore l>e regarded as ‘marine* forms. 
Similarly from the gill flora, five Achromobacter, two Pseudomonas, and one Para- 
colobactrum were of marine species, while from the slime cultures only eight 
Achromobacter belonged to this category. Among the gut flora, one Achromobacter 
and one Flavobacterium and from the flesh, three Achromobacter were of marine 
species. 

Active motility, a characteristic of marine bacteria (ZoBcll, 1946) was noted 
in 69 (57%) of the 122 cultures, including one micrococcus. Fermentative pf)wer8 
were very poor, only about 60% of the cultures produced just a faint acidity from 
at least one sugar. Only four cultures were aerogonic in sugars. The tliermal 
sensitivity (ZcBell and Conn, 1940) was not evident as most of the cultures grew 
luxuriantly at 37°C. and at slightly higher temperatures. Growth at room temper- 
ature was a little less than at 37°C. There was no growth at 4°C. for 12 weeks. 


Discussion 

Bacteria belonging to Micrococcaceae form the largest group, accounting for 
nearly a third of the isolates. Wood (1940) in A\istralia, and Dyer (1947) in Canada 
also obtained large numbers of micrococci in fish. Shewan (1949) recorded that 
30 to 35% of fn'sh slime flora were micrococci. Bacillus, the aerobic sporeformcr 
formed between 18 to 24% of the flora of slime, guts and gills of mackerels and to a 
lesser extent in sea water. Next in numerical importance were the Achromobacter 
and Flavobacterium respectively. Fluorescent rods and Proteus were conspicuous 
by their absence, though both formed a large percentage of the flora of green mussels 
in the sea, examined by us (unpublished results). 

The fact that some of the bacteria fail to grow in fresh water media, even after 
repeated subculturing confirms ZoBell’s views regarding the existence of specific 
‘marine* bacteria. Seventeen Achromobacter, four Flavobacter, two Pseudomonas 
and one Paracolobactrum did not grow in fresh water media and may therefore bo 
regarded as ‘marine* forms. All these are gram negative, non-Rj)oring rods and 
are actively motile. Very few of them are iFermentative and only one produced 
gas from lactose after 9 days. In contrast, all the cocci, Bacillus and Bacterium 
grew equally well in fresh water and sea water media. Most of these arc gram 
positive and thus resemble the soil flora. Wood (1950a, 6) who has recorded a largo 
number of gram positive bacteria in sharks, is also of the view that these are soil 
types. Further, from his latest work (Wood, 1953), it will be seen that cocci. 
Bacillus and Corynebacterium, the gram positive types, account for 55% of the total 
isolates from marine environments. In view of the above findings it is possible to 
reconcile the views of ZoBell and Wood. There may be a specific ‘marine* bacterial 
flora in the same sense as there are specific milk, soil and sewage forms and this may 
quite often be modified by environment. It seems reasonable to believe that many 
fresh water bacteria carried into the sea can maintain themselves and carry on their 
activities as in fresh water (Burke and Baird, 1931). However, the prospect of 
survival of the ‘marine* bacteria in fresh water seems very remote. 

Among the Bacillus a large number were chromogenic, being rose-red to pink. 
A few were pale yellow, cream coloured or brown. Since these rose-red Bacillus 
were frequently isolated from marine environments, it is quite possible that they 
are autochthonous to the sea. They tolerate high concentrations of salt (Venkata- 
raraan and Sreenivasan, 1954) although growing profusely in salt free media. The 
presence of chromogenic Bacilli in marine environment have not been so far reported 
except by Wood (1953). The probable explanation for the frequent occurrencefof 
Bacillus is the high temperatures of surface waters. Wood (1953) has correlated 
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t-Fui liifjfh HiirfVvcc tcinpcrftturGs with thcrmotolcrfitnco o£ bBctonft o£ ^ustrBliBU WBt6rs« 
Ho furthe r oniphasised that the differences observed in bacterial flora by various 
worlcers dar<^^ely reflect the differences in diifferent parts of the world, and in different 
seaHoihs*. llijotU and Somrac (1943) and Gee (1930) also suggested the possibility 
of geographical and seasonal variations in the bacterial flora. 

I'he ahsenee of (^olifomi group, especially E. coli, in sea water and guts of 
mackorols confirms ZoBell’s (1946) findings. The occurrence of Paracolobactrum, 
hf»wf‘v<‘r, is ini(;n^siing, since, apart from a report of their occurrence in fresh water 
fish (Vonkatararnan and Sreenivasan, 1953fc), there is no reference in the literature 
about tlicur prcs< rice in marine fish (Wmkataraman and Sreenivasan, 1953a). 

A comparison of the present work with that of Bhat and Albuquerque (1953) 
on ]k»mbay-du(?k will lie useful. These authors noted only the presence of Micro- 
cA)cci, Harcma and Bacillus in the stomach, which is similar to what we found in the 
guts. Similarly, their flora of 'skin, gills and flesh’ were also recorded by us in 
slirn(\ gills and flesh, with very slight variations. While they have mentioned the 
prcsfuicfr of Escherichia^ we did not find any. Since they state that their cultures 
did not frrment lactose but ftjrrnenU'd only glucose and other sugars with 'gas’ it 
is to bt' considered that tlu^y were dealing with the paracolon bacteria. If this is 
true, it agnM\s with our n^sults on the occurrmce of Paracolobactrum in fish. How- 
tlu* fa(-t that thry isolated Sarcina littoralis from the alimentary tract in large 
numbers is sur|)rising inasmuch as these are obligate halophiles, requiring a mini- 
muf!i of 16% NaCl for growth. On the whole, the flora of Bombay-duck and those 
of our maeker(‘ls are not much diffcTent. 

'rh(‘ signilicarux^ of t he bacterial flora fwssociated with fish lies in the foot, that 
it must (‘xplain tlu^ pattern and firobable extent of its spoilage. The occurrence of 
a high fM'rcentage of prot(‘olytie tyjKNS points to the high spoilage potential. As 
shown in ’fable If about 75% of the isolates wore gelatinolytic, wliile 37% pepton- 
ized casein, Tlu^ ])n‘sen(;<^ of indole producers and hydrogen sulpliide producers 
indi(^ates tlu' possible putrefactive ty[K‘S of spoilage. Tlie occurrence of a large 
number of Achronwhacter, which include all the indole producers listed in Table II, 
and a few which produced hy<lrog(‘n sulphide, points to the same conclusion. The 
Flavohiicter, hovvev(‘r, (‘xhibited poor proteolytic and saccharolytic tendencies, and 
as pointed out by Cash 11 and Mappbdnx'k (1952), their role in spoilage is not of much 
importance. Bacillas, also exhibiU'd proteolytic properties on gelatin and casein. 
This and its (‘uryhaliru' nature point to its capacity in playing an adverse role in 
fish spoilage, in fresh as W('ll as in salted condition. 


Tablk II 


Showing the BiorhemicaL type^ in various parts of fish and inshore water 


Typo 

Inshore 

water 

Gills 

Guts 

Slime 

Flesh 

Total 

Golatin Uquofiers 

14 

in 

14 

15 

36 

89 

Milk poptonizors 

13 

3 

S 

6 

17 

45 

Indole producers 


5 


1 


6 

Nitmto rod\i<5era 

ii 

11 

8 

15 

28 

73 

H 2 S protiucors 

, . 

. . 


5 

5 

Saccharolytio 

13 : 

(1 Rero* 
genic) 

10 

(1 aero- 
genic) 

7 

12 

(2 aero- 
genic) 

22 

64 

Chromogenic 

11 

2 

: 1 

11 

9 

23 

56 
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Summary 

Bacteria belonging to the genera, Aficrococcii^, Bacilhis, Achromobacicr, Flavobaoterium^ 
Sarcina^ Para^colobactrum, Pseudotnon/ 1 . 9 , Corynebacierium^ Bacterium and Alcaliyenca are asso- 
ciated with mackerels and »ek\ water off Tellicherry. E. coli wris not detected in sea water or in 
guta of mackerels but a few slow lactose fermenting paracolons were isolated. The existence of 
‘marine’ bacteria incapabh^ of growing under hypotonic conditions is oonflnninh and these were 
all gram negative, actively motile rods with faint fermentative properties. Many of the isolates 
were proteolytic on gelatin and casein and a few produced indole and hydrogen sulphide. 
Nitrate ro<iuction was very common. Apart from chromogonio cocci and flavobacter, spore- 
forming Bacillus also were seen to possess chromogens quite often. The r61o of bacterial flora 
in fish spoilage is discussed . 
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Introduction 

It was reported (Seshachar and Dass, 1953) that in Epistylis articulata the 
vop;etativo micTonncIous could, in some cases, regenerate a macronucleus. This 
method of regeneration of the macronucleus in a vegetative animal is very different 
from that afUir conjugation. In the latter case, it has been noticed (Dass, 1953), 
thfit the synkaryon divides ilirico in the synconjugant, producing eight metagamic 
nuclei; of th(*m, one remains as micronueleus while the other seven nuclei form the 
niaerornudear anlagon. d’he futtire behaviour of these anlagen is one of continuous 
cTdargement and aerjuisition of de^oxyril)onucloic acid (DNA). A photometric 
study of this f)rocess lias nwealiKl a close correlation between the increase in volume 
of the macronuclcar anlagen and the rate of synthesis of DNA (Seshachar and Dass, 
1951). It was felt that a study of the process of macronuclear regeneration, with 
particular reforenco to the rate of synthesis of DNA would also bo interesting. 


Material and Methods 

Colonies of U, articulata fixed in hot Carney’s fluid and stained with Feulgen 
were used for photometric measurements. Pollister (1952), and more recently 
Swift (1953), have described the nudhods of measurement and discussed their 
appli(;ation to the determination of the amounts of DNA in cell nuclei. The 
methods adopted in the })resent investigation were essentially similar. 

The apparatus consisted of a light source, microscope mounted on a photo- 
micrographic stand with a special back accommodating a photo-electric cell 
connected with a galvanometer. The light source was a 6V Tungsten ribbon fila- 
ment lamp, the power to which was supplied from the mains through a voltage 
stabilizer to ensure constant illumination. A Farrand interference filter with peak 
transmission at 558 mp (half-band width 14 m^ and transmission 29%) was use<l to 
isolate green light for measuring Feulgen reaction in the nuclei. A Leitz research 
microscope with a centering substage condenser was used. It was mounted on a 
photomi orographic stand with a special back possessing an iris diaphragm, and 
accommodating a scanner and a photo-cell. The scanner consisted of a I^itz X 6 
eyepiece with micro-meter and centering graticule. The photo-tube was an RCA 
photo-multiplier, 931 A type. The galvanometer (Farrand Optical Co. Inc.) was 
highly sensitive and readable to 1/500 micro-ampere. 

The methods of making measurements were as follo\ys : — (a) The nuclear anlage 
to bo measured was moved into the optical axis of the system and centered to the 
iris diaphragm of the camera back by means of the scanner ; (6) The aperture of the 
iris diaphragm was reduced until it just enclosed the nucleus; (c) The photo-tube 
was then moved into place and the deflection of the galvanometer was recorded 
(Ti); (d) The nucleus was moved out of the field, a clear area of the cytoplasm was 
brought into position, and maintaining the same aperture, the galvanometer reading 
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was recorded (^ 2 )- divided by T^i gives the transmission of the nucleus {T). 

The extinction was then calculated = logic • The extinction {E) is the 

value which varias directly with concentration and thickness of the absorbing mate- 
rial, according to Beer-Lambert law. Given the extinction for a spherical nucleus the 
relative amount per nucleus in arbitrary units is given by the expression Enr^ and 
relative concentration by Ej^r. The largo majority of nuclear anlagen measured 
were spherical. A few were slightly elliptical and in such cases the moan diameter 
was taken into consideration for the calculations. 


Observations 

Amacronucleate individuals of E, articnlata occur among the normal members 
of the colony scattered at random and without any specilic distribution. They 
arise as a result of an upset of tlic process of binary fission, where the inacronu clous 
foils to orientate across the division plane. As a result two individuals, one with 
both macronucleus and micronuclous, and the other with only the micronucleus, 
are produced. The microniicleus of the latter individual sooner or later divides and 
one of the daughters develops into the maeronuclous. At first both the bodies are 
similar and liavo a volume of ()-28 DNA content of 0*3255 and concentration 
0*0736. Soon one of them starts increasing in size. When its volume has reached 
13*43 it is seen that the ainount of DNA is 4*86 and concentration, 0*7574 (see 
table and graph). The enlargement of the anlage progresses until it occupies almost 
the entire cytosome. At this stage the volume of the anlage is 1192*5 and DNA 
content is 6*95. The concentration of DNA, however, is so low, i.e,, 0*093, that 
the anlage a{)pcars very faint. This represents the maximum enlargement of the 
anlage, and soon after, the anlage starts diminishing in size. At a stage when the 
volume has shrunk to 69*3 the DNA content is seen to be 11*9 and concentration 
1 - 334 . From this point DNA synthesis takes place rapidly. Thus when the anlage 
has a volume of about 211*2 the DNA content is 28*9 and concentration, 2*531. 
When the anlage is about 328*0 in volume the DNA content is 154*6 and con- 
centration. 3*257 and when it has a volume of 703*6 /x^ the DNA content reaches 
238*0 and concentraticjn 4*077. This was the last stage that could be measured, as 
in the later stages, the macronucleus became drawn out into a bent cylinder and 
accurate measurements could not be made. But from the appearance of the 
nucleus and its reaction to Feulgen, it could be seen that the synthesis of DNA kept 
pace with further increase in volume. 


Table 1 

Desoxyribonucleic acid determination of regenerating mocronudear anlagen of E, articxUata, 
Extinction at 558 m^i of the FevXgen reaction of whole anlagen. 


Stage. 

Volume 

Extinction 
558 m;4 

DNA content in 
arbitrary units. 
Enr^ 

Relative 

concentration. 

mr 

1 

13*4 

0*310 

4*8 

0*757 

2 

1192*5 

0*056 

6*9 

0*093 

3 

69*3 

0*409 

11*9 

1*334 

4 

211*2 

0*420 

28*9 

2*531 

5 

328*0 

0*699 

154*6 

3*257 

6 

703*6 

0*854 

238*0 

4-077 
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3 - 0 , 

<?' 5 . 

/• 5 , 

/■O. 

0 - 5 . 



1 2 3 4 5 6 

(Jraph shovvitJi^ tlu^ relit i(Mmhip ht'twoon tho volume of rogouornting injRTonnclous of i 
(trlinifnUi 'iiid the ernounl an<l coiuont ration of DXA. In oouvstruct ing tho graph tho difforor 
NtngeH of nwu’ronu< !oar ro'^enenit iorj wore marked on tlio abscissa and tho logarithrnio values < 
nueleur volutnt' and DNA atruamt. plotted along tho onlinute. The rehitivo ooncoiitnition valiK 
were nmltipliisi by lOU and logjiritiimic values plotted along the ordinato. 


Discussion 

Tho Jiistory of tlio doveloprnont of tho macronuclous of E, articulata during 
vogetativo reorganization sii(3ws that botli in regard to volume changes as well as 
nucloination, it ofiVrs points of intertvst. Soon after division of the micronucleus, 
tho two anlagon, — ^microniK lear as well as macronuclear, — are similar in size. They 
each have a volume of h-i^S One of them, the macronuclear anlage, soon 
enlarges until it attains a volume nearly 200 times that of the original (1192*5 
But photometric analysis shows that the synthesis of DNA has not kept pace with 
the great increase in volume; lienee the anlage looks pale and faintly staining. It 
then shrinks in size while undergoing a consolidation. During this latter jieriod 
also DNA is being synthesised; this, along with a decrease in volume, contributes to 
a deeper Peulgeii reaction of tho macronuclear anlage during this period. The 
nucloination of the anlage jirogresses steadily mitil the macronucleus attains the 
adult form and size. 

An observation of this kind has not been reported before; actually macro- 
nuclear regeneration in a vegetative animal was unknown until Seshachar and Dass 
(1953) reported it for the first time in E, articulata. But it is interesting to see how 
in anotlier cihate, Chilodonella uncinatus, a strikingly similar situation obtains, but 
after conjugation (Sesliacliar, 1950). Here too, the synkaryon products which are 
two in number, are similar in size but the macronuclear anlage increases enormously 
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until it literally fills the oytosome. After this maximum enlargement, when it 
looks pale and faintly staining, the anlage shrinks and attains the definitive size 
and form of the macronucleus of the adult. While recognizing that the macro- 
nuclear changes described above are taking place in two entirely diflFerent situations, 
i.e., in E, articulata in vegetative reorganization, in C. uncinalus in the exconjugant, 
the similarity of the two processes is striking and involves a preliminary incrciiso in 
volume without a corresponding increase in DNA synthesis, followed by a shrinkage 
in volume. During both periods DNA synthesis is proceeding steadily, perhaps 
slowly at first, but more rapidly later. 

It is particularly interesting to note that such an increase in volume and later 
shrinkage do not occur in E, articulata after conjugation. Hero, the DNA synthesis 
keeps pace with volume increase. 

Summary 

The development and nucleination of the macronucloar anlago during vogotnl ivo reorganiza- 
tion have been studied by photometric methods. The anlage, whicli starts in amacrouiK^loato 
animals as a product of division of the micronucleus, enlarges greatly in size and later shrinks. 
The synthesis of desoxyribonucleic acid is continuous througliout, but is slightly more rapid in 
the later stages than in the earlier ones. 
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Introduction 

Out of thc3 tliKiC (\ss(‘utial requirements for the growth and viability of 
Entamoeba histolytica, nunudy, (1) tlu3 culture medium, (2) bacteria, and (3) tempera- 
ture, tlu^ first oruj has already bee n studied (Mukherjea, 1954). In tliis paper the 
other two factors whieli also t‘\ercise a marked inllueneo over the physiological 
activities of th(‘ amoebae, have been included. In all the investigations now 
ported histolytica (strain No. 7) has been employed. 


Materials and Methods 


growth and viability of E, histolytica (strain No. 7) on account of con- 
hnuoub became 'fec‘bl<‘. Several methods were, therefore, adopted to 

this (‘ondition and to stimulate their growth. The methods included 
davino *(c) Addition of bacteria to the culture medium, [b) addition of acri- 


Vdroc4ilori<l bacteria and acrillavine, and [d) addition of aureomycin 

Id drops of a thick normal saline emulsion of 
lUlri'etira bacteria from strains no. 1, 2 and 3, grown on 
V./ 4 .. lidded t(» the culture medium prior to or during inoculation of 


>■ 

nut 

tiu' t roT^Aiozoites. 
show^ ill Table I. 

✓ \>!(lition of acr^ 


^ - prior to or during 

4v;;ir elfects on the growth and viability of the amoebae are 


^o the iluMiovorlav of tV'V'":'’ m i .** 0,000 sLicngtn 

tion in tlu 1 ^ J*;dium (Mukherjea, 1954), there occurred marked altera- 

_ -lowi/II <1110 Vjanili... -n • T 


avine 


On uddil ii'ii of acriflavine in 1 : 40,000 strength 


(c) t oinh\ nation 


yjabihor ()f the amoeliae as will be seen in Table I. 


eimilsion livn, ^trains .T* aw;^(n!me; When the two, i.e., bacterial 

growth aiul \i;i\,ilitv of t\i " aenllavme (1 ; 40,000) were combined, the 

from Table 1. ^ -‘^Jiioebac wore still further increased as will be noticed 

smalllLi^ has V That aureomycin, in exceedingly 

Table I. l\vo seti f . ^ on the growth of the amoebae will be noticed in 

1 : 4,00() solution et'auSivS'l T J" ^ ^ ^ 

1 : 1,000 strength w> re added to 5;' * 

acriflavine when used'"^^” Taljtp it becomes manifest that both bacteria and 
virbirCVtlira^^^^^^ stimulau. the growth and inere^e the 

are combined together Thonvh augmented when the two 

depends on the dosage. While 1 to the gro^h, tMs 

growth, 10 top. of 1* rCitioi; 
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Other methoclH that were employed for the study of the role of bacteria on 
the growth and viability of E, histolytica were the following: 

A. Keplacement of stale culture fluid 

After ^ to Jths of the fluid after cultivation of the amoebae was removed, the 
same quantity of fresli fluid was added at intervals of 24 hours or longer. There 
were distinct changes in the growth and viability of the amoebae, which have been 
shown in Table II. In control tubes the fluid was not replaced. 

Table II 


Showing thf effectu of replacement of stale fluid by stock (fresh) fluid of the culture medium 
on the growth and viability of E. histolytica. 




Growth after 




Minlium 






Remarks 
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Experimental. 


* indicatofl the tube in which tho stale lliiid wiis partially replaced by fresh fluid, 

§ indicates tho time when rcfilacomout of the fluid was effected; where this sign is absent, 
the culture fluid was not changed. 


Thus frequent changing of the stale fluid by fresh fluid has a definite tendency 
towards prolonging the viability of the amoebae. 

B. Washing the sediment 

The sediment in a culture medium in addition to starch, bacteria, trophozoites, 
etc , contains a number of other substances. It also contains metabolites which* 
are tho products of tfie activities of the. bacteria and amoebae. The metabolites arc 
also present in tho fluid itself. After discarding the sujK^matant fluid, the sediment 
is centrifuged and rej^eatedly washed in normal salt solution to remove the 
metabolic products. The effects of the removal of these products on the growth of 
the amoebae were next studied. The procedure followed is given below: 

Before washing the sediment, the starch and the fluid from several culture 
tubes containing largo numbers of trophozoites were pooled together and centrifuged 
at a low six^ed. After decanting off the fluid the sediment was resuspended in 
sterile normal saline and washed at least four times. After the final washing a 
pi^rtion wfvs inoculated into fresh E 2 media and the rest incubated at 37°C., after 
suspension in sterile normal saline. At intervals samples were used for seeding the 
same type of media as stated in Table III. In control tubes the inoculation was 
effectecl by the direct method, i.e., from one tube to the other without the sediments 
having been washed. 

The results showed that: (i) the growth of amoebae was feeble for the first 
48 Ivours after which it became profuse; (ii) their viability was increased; (iii) on 
inoculation of washed trophozoites after 1 to 4 hours’ suspension in normal saline, 
the viability increased still further. 



Showing the effects of inoculation of washed sediment on the grotvfh and viability of E. histolytica. 
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* This may be regarded as the controlled condition for comparison with the rest, 
t At the end of 96 hours this tube was transferred from laboratory bench to an incubator at 22*^0. 
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C. Effects of different temperatures on the growth and viability of E. histolytica 

In order to find out how tempemture influences the growth and viability of 
E, histolytica y the culture tubes after inoculation in the usual way were exposed to 
different temperature conditions such as the following: (1) the tulx's were exjK)scd 
to a constant temperature of ; (2) in the second series of (‘X|HTiment8 the tubes 
after inoculation were left in an incubator at a consUant tem{x'ratiire of 22''C. ; 
(3) in the third set of experiments, the tubes were kept at 37T*. lor 48 hours, there- 
after they were left on the laboratory bench at tem|x^raturcs varying from 21’6®C. 
to 36*1°C. ; at the end of 96 hours some of these tubes \vt n‘ })laec (l in an incubator at 
22°C. ; (4) the tubes w^ere kept constantly on the laboratory Ixneh at teinpiuatures 
varying between 21*6''C. and 36*1°C. ; (5) in the fifth series of experiments the tubes 
after inoculation in the usual way were lo^pt on the hiboratory bench at temi)era- 
tures varying from 21-6°C. to 36-l"’0. for 72 hours; at the end of this |KTiod they 
were incubated at 37‘^C. The results obtained have been shown in Table IV. 

The results indicate that: (a) A temperature of 37"'C. stimulates the gi*owth 
and multiplication of the amoebae whereas 22*^0. inhibits both. (6) When the 
amoebae are grown at 37°C., their subsequent transfer to fluctuating room tem|KU’H- 
tures prolongs the viability; on the other hand, if they are first k(‘pt at 37°C. and 
thereafter exposed to 22°C., the multiplication is inhibited, though many of them 
may be still alive and actively motile. 


D. Relation between and Eh of the medium 

When the bacteria grow in a culture medium tlu're take s place a lowering of the 
oxidation -reduction potential. If the bact/oria growing wuth the amoebae are not 
of the ‘right typ(i\ there is also a tendency for the culture medium to become acid. 
In order to determine the relationship between these two factors, i.c., lowering of 
oxidation -reduction potential and fall of pH, and how tliey jointly influence the 
growth of the amoebae, several tubes containing glucose broth were taken. 
Bacterial emulsions from strains no. 2 and (1+3) were added separately to th(W 
tubes. The pH and Eh at intervals of 12, 24 and 48 hours were noted, the former 
by capillator, and the latter by methylene blue. The rcsulls are given in Table V. 


Tahik V 

Shotvin/j the relation between the p\{ and the of a medium. 



Glucose broth tube 

GIu<*obo broth tube) 

Glucose broth tube 


no. 1 

no. 2 

no. 3 

Row 1 

Results after 12 hours 

Results after 24 hours 

Rejiulls after 48 hours 

Inoculate<l with 

(i) pH .. 4-6 

(i) pH .. 4 0 

(i) pll .. 4*4 

bacterial strain 

(ii) Quantity of M.B. 

(ii) Quantity of M.B. 

(ii) Quantity of M,B< 

no. 2 

decolourised -f 

decolourised 4- 

decolourised ± 

Row 2 




Inoculated with 

(i) pB. .. 5»8 

(i) pll .. 5*2 

(i) pH .. 6*8 

bacterial strain 

(ii) Quantity of M.B. 

(ii) Quantity of M.B. 

(ii) Quantity of M.B, 

no. (1-f 3) 

decolourised 

decolourised 

decolourised 


i “f -i- -f- 

1 

1 1 



M»B* stands for methylene blue. 
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The rcdui^tion of the culture fluid has been expressed in terms of the quantity 
of methyhuic blue decolourised (i.<3. reduced); thus: 

+ + + + indicates Btrf)ng reduction. 

+ + indicat<*H moderate reduction 
4- +• indicates fliir reduction. 

+ indicates feeble reduction. 

± indi(‘ates doubtful reduction. 

It is true that the reduction of a medium expressed in terms of the quantity of 
methylene blue reduced is inversely projK^rtional to the Eh as estimated by jK)ten- 
tiometer. Thus a medium which decolourises a large amount of methylene blue 

HiK^h as that indicated by + + + + , will have the inverse elfect on Eh { ). 

It is a|)f)arent, therefore, tliat as the pH of a medium falls, there is a proportionate 
rise of Eh or in other words the 7>H varies inversely as the 

E. Nature of end producl^ of protein decomposition 

(a) It has alrcjvdy been noticed that as a result of bacterial action complex 
proteins undergo hydrolysis i*ito proteoses and pK3ptone8. The object f)f carrying 
on further Htudies in this din'cticjii is to find out the end products of protein break- 
down brought about by the action of the associated bacteria. Tlie end products 
lire the results of decarboxylation and other changes. For tins purpose the fluid 
portion of a J)j lueiliinn culturing E. histolytica (strain no. 7) with the associated 
bacteria was ust'd after it was passed through cotton wool filter. The diflerent 
tests and the r(\sults obtained are given in Table VT. 

Tablu VI 

Demonatrulion of thf>> formation of nr ids and amines in /)j medium culturing E. histolytica 
{strain no. 7) mth the associated bacteria. 


Kxporimonts 


1, 0*5 c.o. of fluid* I 0-5 o.c. 

of Ehrlicli’s /cdiniothyl- 
aminohoir/.ahloliydo re- 
agent | 0’5 c.c. KCl (con- 
centrated), 

2, Fliii<i f 2 drops of nitric 

jxoid 4 2 drops of KNO 2 
ftolution. 

2. I c.o. fluid \ a drops 
o}' Millou’s roagout . 

4. 1 o.c. fluid -f a few dro[>s 

of bromine water. 

5. 5c.o.of M% N’a^CO;^ solu- 

tion 4 2 c.o. freshly I’re- 
pared p -diazo hen /on 0 - 
sulfonic acifl ran gent. 
After t minute 1 c.o. of 
fluid added. 


6. The above made strongly 
alkaline with NaOH-ta 
crystal of hydroxylamine 
hydrochloride: shaken. 


UhsorvuUion 


(i) No r<Ml colour. 

(ii) No blue colour. 


(i) Red coloiir absent. 

(ii) White turbidity <lo- 

veloped. 

Whit<? pro<upitato turns red- 
dish on heating. 

Copious white precipitate. 

(«) Yellowish red colour 
formed immediately. 


(6) The pink colour was 
not conspicuous. 

No bluish r^ colour. 


Inforonco 


(i) Indole absent. 

(ii) iSkatolo absent. 


This suggests : 

(i) absence of Indole. 

(ii) presence of Skatole. 
Compound.s containing hydroxy - 

phenyl group present in traces. 

Crosols, phenol or hydroxy aro- 
matic acids present. 

(а) This suggests that the 

yellow colour was due to 
phenol or o- and m-cresol 
and the red colour was 
due to p-oreaol, p-oxy- 
phenylpropionio acid, p- 
oxyphenylacetic acid or 
p-oxyphenyllactio acid, 

(б) Histidine, hi8t€tfnine and 

other iminazoles absent ( ?). 
Tyrosine and tyramine absent ( ?). 


♦ The pH of this fluid was 6*8, 



THE GROWTH AND VIABILITY OF ENTAMOEBA HISTOLYTICA 


667 


Whether the end product's are due to the action of bacteria alone or 
both bacteria and amoebae on the proteins, it is difficult to say. However, in order 
to find out the role of bacteria and anioebiu? acting independently on the proteins, 
similar experiments were carried out with the fluid from a Dj medium culturing 
only bacteria (strains no. 1, 2 and 3). Identical n-actions, as suited in Table VI, 
were obtained. There was, however, the exception that wliilo the (()m|K)unds 
containing hydroxjrphenyl group were found in presence of amoebae growing with 
bacteria, these compounds w-erc absent where bacteria alone were cultivated. The 
results suggest that at least some of the end prodiuls are due to the dire(‘t action 
of the amoebae on proteins. 

(6) DemonMration of hydroxy acids in ctiUure fluid: When amino aciiis 
deaminate before losing CO 2 from the carboxyl radicle, ammonia snd ketonic acids 
such as pyruvic acid, make their appearance as intermediate products. The ketonic 
acids being reducible substances are likely to be reduced to the corresponding 
hydroxy acids, such as lactic acid, provided the necessary conditions to bring about 
this change are present. Acting on the supposition that the hydn^xy acids have 
some influence on the growth of E, histolytica, attempts w^ere first made to 
demonstrate the presence of these acids in the stale culture fluid and tluTcafter to 
determine the role of these products on the growth of the amoebae. Th<‘ fluid from 
the culture tube growing E. hisiolytiai (strain no. 7) with the associated bacteria 
was filtered through cotton wool. 5 c.c. of this fluid and 20 c.c. of ether were taken 
in a separatory funnel and shaken thoroughly. After the separation of the ether 
the entire fluid with the exception of the top 5 c.c. of ether was allowed to run out. 
The latter was next mixed with 20 c.c. of distilled water to which 2 drops of a 10% 
ferric chloride solution were added. The appearance of straw-yellow colour of 
moderate intensity indicated the presence of lactic acid in the culture fluid. Control 
tubes containing 20 c.c. of distilled water and 5 c.c. of pure ether did not yield the 
same reaction with ferric chloride. 


Discussion 

I. The role of bacteria on the growth of E. histolytica 

At the time of cultivation of E, histolytica by using susiK^nsion of weighed and 
disinfected cysts, two things were noticed. First, exeystation of cysts w^as checked 
and secondly, there was no breaking down of the medium as was known from 
absence of any opacity of the culture fluid, formation of gas and smell, and altera- 
tion of tlie 7 ?H of the medium. When a few drops of an emulsion of bacteria such 
as from strains no. 1, 2 and 3 were added to the fluid portion of the same medium, 
it was followed by exeystation leading to growth and multiplication of the tropho- 
zoites. It was also noticed that exeystation was always preceded by profuse 
growth of the bacteria as well as by the break-down of the protein constituents of 
the medium. Therefore, the explanation as to how the presence of bacteria in the 
culture medium is responsible for the exeystation of the amoebae lies in the bacteria 
themselves primarily acting on the protein decomposing it into simpler forms. 
Thus the products of decomposition brought about by the bacteria provide the 
necessary stimulus for exeystation as well as growth and multiplication of the 
amoebae. It may be pointed out in this connection that starch which constitutes 
the only carbohydrate element in the culture medium, generally remains unaltered 
except where the particular bacteria growing with the amoebae possess starch- 
splitting properties also (Mukherjea, 1964). Even when there is no hydrolysis of 
starch, the amoebae still grow profusely which suggests that the products of hydro- 
lysis of starch are in no way helpful to the growth of the amoebae. 

During cultivation of E. histolytica strains no. 1 and 7 it was noticed that the 
growth of the amoebae was profuse, viability increased and the amoebae survived 
on repeated subcultures. In case of E, histolytica strains no. 3, 4 .6 and 6 the results 
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were the op{K)Bite. Such diflFcrenees in the nature of growth of the two tjrpes of 
p]. histolytica strains were attributed to the dilEFerent types of bacteria growing with 
them. Tiiis was supported when it was observed that the bacteria growing with 
E, histolytica strains no. 1 and 7 were putrefactive in but those growng with 
strains no, 3, 4, 5 and 6 were identified as fermentative types of intestinal B. coli 
(Mukherjea, 1951: 9 and 1954). This suggests that while the putrefactive type of 
bacteria provides the necessary stimulus for the growth of the amoebae, the other 
type does not. * 

The reactions which are responsible for the putrefaction of the pnjteins of the 
cultui'e meilium occur in successive orders of hydrolysis and decarboxylation. 
Hydrolysis of proteins is the first to occur and this leads to the formation of the 
simpler proteins such as proteoses and peptones. Signs of digestion the inspis- 
sated serum slant, such as gradual reduction of its thickness noticed while 
cultivating E, histolytica strain no. 1 in D.L. medium (Mukherjea, 1951 : 9), were 
evidently due to hydrolysis of the protein. Another evidence of bacterial hydro- 
lysis of complex proteins has been based on finding proteoses and jjeptonos in a 
solution of egg albumin cont/Uining horse serum in which bacterial strains no. 1, 2 
and 3 were allowed to grow for 48 hours. The egg albumin solution containing 
horse siTurn (19 : 1) normally does not contain proteoses or j^eptones, unless the 
egg albumin and serum prot/<iins have been hydrolysed. For detection of proteoses 
and jKiptoncs, the culture fluid was first slightly acidified with (hlute acetic acid 
and then heated to boiling. The filtrate obtained after separation of the coagulum, 
was half-saturat(‘d with (N 114)2804. This led to the i)recipitation of primary 
proteoses which were removed. The secondary proteoses were next s(^parated by 
fully saturating the filtrate with (NH4)2S04 by heating. The filtrate was then 
tested for peptones by the biuret test, l^oteoscs and peptones resulting from the 
cleavage of complex prot(‘ins ar(‘- themselves next hydrolysed into several amino 
acids. 

The subsequent changes are due to decarboxylation. This depends on the 
nature of the bacteria growing in the culture fluid. If the bacteria are of the putre- 
factiv(^ type, they will break down the amino acids still further, giving rise to several 
amines such as histamine, tyramine, putrescine, cadaverine, etc., and/or to aromatic 
acids such as phenylacetic acid, phenylpropionic acid, etc. The presence of tliese 
acids (vide Table VT) and putrid smell in culture tubes growing the amoebae, 
strongly indicates that decarboxylation of the amino acids has taken place. 
Although the amines such as lustamine and tyramine could not be demonstrated 
in the stale culture fluid (vide Table VI), j^et the faetid smell indicated that it was 
due to the presence of other amines such as putrescine and cadaverine. 

Decarboxylation ma^^ also take place in a somew^hat different manner. Here 
the amino acids instead of losing CO2 from the carboxyl radicle, at first deaminatc 
(oxidativ^e deamination) into ketonic acids, e.gr., pyruvic acid and then de car boxy late 
(oxidative decarboxylation) into fatty acids such as acetic acid. Being reducible 
the ketonic acids may also undergo reduction side by side with decarboxylation. 
Tliis will lead to the formation of the corresponding hydroxy acids, e.g., lactic acid. 
The presence of lactic acid in the culture fluid growing E. histolytica (strain no. 7) 
with the associated bacteria has been demonstrated. 

Fn^m the chemical nature it appears that some of the end products such as 
the hydroxy acids serve as hydrogen donators, while others perform altogether 
different functions. 

II. Orowth^stimnlating and growth-inhibiting factors 

In a previous communication (Mukherjea, 1961: 9) mention was made of the 
two factors, the growrth-stimulating and growth -inhibiting, influencing the life of 
the amoebae. At that time no direct proof of the occurrence of these factors was 
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given. With E, histolytica (strain no. 7) it has now been possible nat only to demon- 
strate the existence of these two factors but also to study their nature. 

In actual experiments profuse and early growth (witliin 24 hours) of the 
amoebae was noticed when E. hutolytica (strain no. 7) was subcultured in Eg media 
by direct tube-to-tube inoculation; on the other hand, delayed and feeble growth 
of the parasites w^as the result when washed trophozoites were used for inoculation 
of the same type of media (vide Table III). In direct subcultures the culture fluid 
which is used as the inoculum contains starch, tiDphozoites, bacteria and a number 
of other substances including the metabolites of bacteria and amoebae. But 
instead of tliis fluid when the sediment is used after washing, it conUiim starch, 
trophozoites and bacteria only. Therefore the explanation why in case of din^ct 
subcultures there was early and profuse growth of the amoebae and delayed and 
scanty in the ciise of washed sediment, lies in the pi-oduction of wme growth- 
stimulating substances which appear during the growth of the bacteria and amoebae. 
As a result of washing the growth-stimulating substances which are essential 
requirements for the growth of the amoebae, are removed. As a result of this, the 
inoculated trophozoites suffer from the absence of these essential substances result- 
ing in feeble and delayed growth. 

The existence in the culture fluid of some growth-inhibiting substaiu os after it 
has supported the growth of bacteria and amoelKU* was also evident from the 
observations noted in Table II and in tubes no. 3 and 4 in Tables III. In these 
observations there was an increase of viability, this being brought about by the 
partial replacement of the stale fluid b^^ fresh fluid (vide Table II) and inocuiation 
of wasliecl trophozoites (vide tubes no. 3 and 4 in Table III). Replacement of the 
stale fluid evidently remove a large amount of the growtli-inhibiting substances 
that have accumulated in the old culture fluid. The prolongation of viability 
observed after inoculation of washed sediment is probably due to the same cause. 

Having discovered the existence of the growth- stimulating and growth-inhi- 
biting factors, attempts were next made to study their nature. The results are 
discussed below. 

Nature of the various factors responsible for the stimulation of 
THE growth of THE AMOEBAE 

The stimulation of the growth and viability of the amoebae in presence of the 
putrefactive types of bacteria is due to : 

(a) Lowering of the Eh of the medium: It is already known that a strongly 
reduced medium is essential for the growth and multiplication of the amoebae. 
There are strong grounds to hold, from what has been stated before, that 
the bactoria growing in association with the amoebae are alone responsible for lower- 
ing the oxidation- reduction potential of the culture fluid. These bacteria can exist 
with the help of dual enzyme systems aerobically as well as anaerobically. Follow- 
ing inoculation into a culture medium they at first grow aerobically though for a 
short time and completely use up the oxygen from the culture fluid. After the 
oxygen has been absorbed by the bacteria, the latter grow anaerobically after lower- 
ing the oxidation- reduction potential of the medium. The above is evident from 
the decolourisation (reduction) of methylene blue taking place in a freshly prepared 
emulsion of bacteria (strain no. 1+3) in nutrient broth containing excess of dis- 
solved oxygen as a result of shaking in air. Methylene blue is reduced in 
an anaerobic medium alone. 

(b) Supply of dehydrogenase system: Most of the oxidations in living organisms 
includ^g the amoebae take place by anaerobic dehydrogenation. It has been 
noticed that although the amoebae are obligatory anaerobes their behaviour in the 
culture medium is not the same as that of anaerobic bacteria such as CL tvelchii. 
The anaerobic bacteria are unable to lower the Eh of the culture fluid themselves. 
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but can maintain the reduction when the medium has already been reduced by 
such means as displacement of oxygen, addition of reducing substances, etc. 
huiohjtica, on the other liand, can neither produce nor maintain the reduction of 
the culture fluid. This suggests that the (hdiydrogenase system of the amoeba is 
pn^bably incomplete and that the bacteria 8upf)ort the life of the parasite by 
supplying it with the missing portion of its dehydrogenase system. 

(c) Formation of buffers: The putrefactive types of bacteria produce some 
alkaline substances in the culture medium at the time the organic acids are formed. 
These alkaline substances counteract the injurious effects of the acids. The fact 
that alkaline substances are actually formed during putrefaction of complex pro- 
teins has been proved by exj)erimental observations. The maintenance of the 

of the culture fluid at the neutral point even when large numbers of acids have 
accumulated in the same fluid (vide Table VI) and the rise of pH after its initial fall 
in glucose broth culturing bacterial strain no. (1+3) (Mukherjea, 1954) strongly 
support the view of the formation of certain alkaline substances. 

It is difficult at this moment to say anything definitely about the nature of 
these alkaline substances. However, it may be suggested that ammonia or amines 
formed during the decomposition of the amino a(;ids are probably those substances. 
Discussions on this f)oint are reserved for the present. 

(d) Production of arxej^sory growth substances: Tlie most important of the 
accessory growth-substances arc serum, whole blood, etc., which have also other 
functions. The ba(jteria provide the aec('ssory growth factors of the nature of 
vitamin B-cornplex and experimental proofs have been adduced in its support 
(Mukherjea, 1964). 

Nature of the various factors inhibiting the growth of the 

AMOEBAE 

The stimulation of the growth and viability of the amoebae in presence of the 
putrefactive types of bacteria is intimately related with the decomposition of the 
complex proteins of the culture medium. During decomposition the bacteria 
ca\i.se formation of some metabolic substances also, such ixs organic acids (vide 
Table VT). The amoebae themselves are also responsible for the pnaluction of 
metabolites whic^h interfere with their own growth. The products of metabolism 
of the bacteria and amoebae and the associated conditions of fall of pH, rise of Fh 
etc., which result from the f)res<uice of acid metabolites in the culture medium, 
constitute the grovvdh- inhibiting faetons. 

The acid metabolites accumulate in the culture fluid and tend to inhibit the 
growth of the amoebae. This is effected by various \vays such as: (i) In absence of 
buffers the pH of the medium is lowered and thus its Eh is raised (vide Table V). 
(ii) The amoebae suffer from prolonged contact with the acids. This is deduced 
from the results noted in Table III. The enhanced vitabty of the amoebae which 
is observed when the trophozoites are washed and then suspended in normal saline 
for some time is explained as due to revival of the trophozoites from the toxic effects 
of the acids. Such revival may bo effected by exosmosis of the acids accumulating 
in the protoplasm of the trophozoites. The degree of damage which the amoebae 
have sustained in the stale fluid will bear a direct relation to the concentration of 
the acids in the fluid and also to the length of contact between the acids and the 
trophozoites. The revival of the trophozoites from the injurious effects will, there- 
fore, depend on the two factors stated above, (iii) The acids are likely to inhibit 
the growth of the amoebae by inactivating the enzymes. 

III. Velocity of enzyme action 

The reactions which are responsible for changing the composition of complex 
proteins such as, hydrolysis and decarboxylation, are effected by bacterial enzymes 
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acting on the medium. The rate at which the enzyme disintegrates the siibstanoe 
has been termed as the velocity of enzyme action. The velocity of enzyme action 
depends, among others, on factors such as, (i) biochemical activities primarily of 
the bacteria; (ii) temperature; (iii) toxic metabolites of bacteria and amoebae, and 
(iv) bacteriostatic substiinees, e.g., antibiotics, dyes, etc., when added to the culture 
medium. 

(i) Biochemical activities of bacteria: The biochemical activities of bacteria 
depend on such factors as composition of the medium, duration of subcultures of the 
bacteria in culture medium and the manner in which they are cultivated such as, 
aerobically or anaerobi chilly. The facultative anaeix)bic bacteria which are general- 
ly com*erned in the growth and exeystation of the amoebae, grow luxuriantly iJi 
presence of oxygen. The growdh and multiplication, liowever, dinhnish greatly if, 
on the other hand, they are grown anaerobically (Topley and Wilson, 1938). It is 
a known fact that prolonged subcultures on arlifu-ial medis aifect tlie pigment- 
pmducing properties of many bacteria, such as B. pyocijaneous. These observations 
clearly point out that continuous subcultures of tlio baeterifi,, particularly in an- 
aerobic conditions, interfere with their essential bicdogical properties. 

When the growth and viability of E. histolytica (strain no. 7) were found to 
diminish on account of repeated subculturCwS, addition at this stage of a few drops 
of an emulsion of fresh cultun^ of bacteria from strains no. 1, 2 and 3 grown aero- 
bically on nutrient agar caused a marked increase of the growth and prolonged the 
viability also (vide Table I). Stimulation of the growth and viability under such 
conditions, indicates that this was due to the bacterifi bedng now biologically 
healthier due to their growth in presence of oxygen. Such bacteria induce stronger 
chemical reactions than the weak ones. 

(ii) Temperature: The velocity of enzyme action is also influenced by temper- 
ature. With cultures of B. coli it has been demonstrated that with each rise of 
VC. between 20°C, and 40"'C., there is an increase of b072 times the rati^ of 
growth of the bacteria (Chick, 1912). From this it has been concluded that 
temperature through stimulation of bOiCterial growth and metabolism also regulates 
the velocity of enzyme action. According to the above findings the velocity in the 
present case should be at its maximum at 37°C., depressed at room temperature 
which is a little lower than 37°C. and inhibited at 22°C. At 22°C. the bacteria 
remain more or less static, and it is least likely that strong chemical reaction in- 
fluencing the growth of the amoebae may occur. While the growth of the amoebae 
is at its highest at 37°C., its viability on the other hand, as has been mentioned 
previously, increases at a slightly lower temperature (vide Table IV). The explana- 
tion which may be offered for this interesting phenomenon is that temjK^ratures 
slightly lower than 37 °C. lessen the output of the growth-inhibiting factors by 
depressing the velocity of enzyme action and as such the viability of the amoebae 
is enhanced. 

Apart from such indirect effects of temperature on the growth and viability 
of amoebae, the former also affects the growth and viability directly. It has been 
observed with E. histolyticM (strain no. 7) that when the amoebae after growth at 
37°C., are transferred to 22®C. they remain alive for at least 48 hours (vide Table 
IV). This indicates that these amoebae under certain conditions can resist 
temperatures much lower than 37®C. 

(iii and iv) Metabolites of bacteria and amoebae and bacteriostatic substances : 
Since there is no mechanism whereby the acids formed during the metabolism of 
bacteria and amoebae are eliminated, these necessarily accumulate in the culture 
fluid. Unless some arrangements are there for removing the acids or counteracting 
the acid-producing activities of the bacteria and amoebae, these products are likely 
to endanger the amoebae. However, on the strength of experimental observations 
it may be stated that addition of bacteriostatic substances, such as, acriflavine or 
aureomycin, when used in exceedingly small doses, readily suppresses such forma- 
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tion of acids. The rise of pH, augmentation of putrefying reactions in the culture 
fluid and stimulation of the growth and viability of the amoebae all these following 
the addition of acriflavine (1 : 40,CXX)) to the culture medium, indicate that acri- 
flavine encourages the growth of the amoebae indirectly in the manner just stated 
(Mukhorjea, 1954 and also vide Table I). 


Summary 

'I'hu i»nporttint fortturow that have emerged from the present studies are : 

(а) The oxintonco of the various growth-stiimilating factors in culture fluids supporting 
tlie growth of amoeba, such as, dehydrogenase systems, buffers, accessory growth substances, 
low hJhf bus be<m deitionsl rated. The charatder of the various growth-inliibiting factors such as 
41 strong acid roiiction of the medium, rise of its etc., has also boon studied. 

(б) The l>a(deria growing with the amoeba are primarily responsible for production of both 
the growth HtirnuUting and the growth-inhibiting factors. 

(c) While the optimum temperature for stimulating the growth of the tmioeba is about 
slightly lower temperatures prolong tlie viability. Under certain conditions the amoeba 
is able to resist temperatures much lower than 37^0. for a long time. 

{(1) Temperature, toxic? metabolites and bacteriostatic substances modify the growth and 
visibility of the amoeba probably by altering the velocity of enzyme action. 
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STUDIES ON THE PHYSIOLOGY OF RICE 
IX. Auxin content op the vernalised seed 

by S. M. Sircar, F.NJ., and T. M. Das, Department of Botany, 

Calcutta University 

(Received August 8, 1954) 

Introduction 

There has appeared difference of opinion regarding auxin production and its 
relation to vernalisation and photoperiodism. Cliolodny (1936, 1939) put forward 
the h}^ thesis that the embrj^o is stimulated to activity by the pretreatment 
method, it absorbs from the endosperm auxins that are pn^sent in it in great 
quantity. Thus there occurs an increase in the concentration of auxin in the cells 
of the embryo and this increase causes an acceleration in the progress of tlie moristo- 
matic cells of the young plant through the earlier phase of development with the 
result that the phases of later stages connected with reproduction arc shortened. 
Gregory and Purvis (1936, 1938) and Hatclier (1945) have concluded from a number 
of exjx?riments that vernalisation of embryo is possible without the endosperm 
taking any part. According to them auxin of endosj)erm far fn)m being accumu- 
lated in the embryo undergoing vernalisation as suggested by Cholodny is not 
concenied in the process. Cholodny has further concluded that the mantifacture 
of a flower forming substance in the leaf is possibly related with chemical trans- 
formation of auxin. 

The relation of auxin to the initiation of flowering has been stressed by 
a number of workers. Cholodny (1939) and Galston (1943) formulated the hypo- 
thesis that high auxin levels in the plant may be unfavourable to flowering. This 
was later supported by other observation that flower formation of shortday plants 
can be suppressed by treating the plants with auxin or synthetic growth regiilating 
substances and can be induced under non-inductive conditions by treatment with 
auxin antagonists or the agents which destroy the auxin (Bonner and Bandurski, 
1952). On the other hand, Leopold and Thimann (1949) have reported that con- 
tinuous application of indole acetic acid may actually increase the number of floral 
primordia. The.se observations led Thimann (1948) to conclude that low concentra- 
tion of auxin may increase flowering while higher doses inhibit flowering. Leopold 
(1949) has further shown that increased tiller production is an indication of reduced 
auxin level. In the rice plant several important peculiarities pertinent to the auxin 
relation of the plant have been noted. The main features are that the influence of 
low temperature stimulation does not lead to the acceleration of flowering but 
results in increased vegetative growth (Sircar, 1948 ; Sircar and Parija, 1949) while 
short days accelerate flowering and increase tillering (Sircar and Sen, 1953). In order 
to elucidate the response of the rice plant towards the temperature of germination 
and photoperiodic induction it was felt that a systematic study of auxin production 
in the rice plant during its life cycle will be of considerable imiwirtance. The present 
paper gives an account of the method of extraction of auxin which has been 
standardised for the plant and its variation in the seed during the process 
of vernalisation. 

Experimental Method 

The estimation of auxin was made by the Avena test; Skoog’s deseeded method 
(Skoog, 1937) was applied. In order to carry out all operations for avena test a 
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chamber for phytohormono researches in the tropics devised by the authors was 
usc‘d in this investigation. This eliamber having a regulated temperature of 25®C. 
±2 and 88 to 90 % humidity was successfully employed for germination of oat seeds 
under red light, decapitation, blocking, and taking the shadow graphs of the cur- 
vaturi'S without removing them to other atmosphere. Tlie details of the apparatus 
and arrangenuuits for the culture of test plants were described elsewhere (Sirc^ir and 
Das, 1950 and 1951). Seeds of a pure strain of Avena Sterilis Var, (Julia obtained 
from the Indian Agricultural Research Institute, New Delhi, wwe employed for 
avena curvatures. 

The procedure of Skoog’s deseeded method partly modified by the authors is 
as billows: — Grains of oat were soaked in water for 2 to 3 hours, water is 
drained off and the grains with grooved side downwards and Y were set in 

Y apart rows in petri dishes. The dishes were subsequently kept in the operating 
compartment of the test chambi r and exposed under red light in order to inhibit 
the growth of the first int(^mode. The seeds were allowed to germinate undisturbed 
for two days. In the early tnorning of the third day seeds with sprouting embryos 
w<u'e fixed at the bent mouth of the glass holder (cf. fig. 3K of Sirciir and Das, 1950) 
with the rarlicle immersed in water and set in jx)sition approximately at a 60° angle, 
so tliat the coleoptile would grow upward and straight. These sets were tlien 
transferroil to the middle humid compartment of the chamber and allowed to grow 
und<T complete darkness. 

In the evening betwi^eii 8 and 9 p.m. coleoptilers of 1*2 cm. in length 
wiTC selected and their endosperms c<arefully broken off with finger. A small tuft 
of absorbent cotton was wound round the region of the removed endosperm. The 
seedling was then carefully pulled into the ring of the holder (cf. fig. 3L). The 
proc(^ss of deseeding was (lone in the operating compartment; after cleseeding the 
test sets were nunoved in the darkness of the humid compartment. In the evening 
(5 to 6 p.m.) of the fourth day perfectly straight coleoptiles of uniform length were 
selected, det^apitated only onc^ and immediately the agar blocks of hormone extract 
wen? placed unilaterally on the tips. Shadow graphs were taken after the agar 
blocks were in (^ontacd with the decapitikted coleoptile for 5 hours. 

Dilution of plant extracts . — The extract from the plant tissue was first diluted 
to a definite volume with 50 c.c. of water. 1 c.c. of this aqueous extract was then 
mixed with 1 c.c. of 3% agar. This w’^as the same as diluting the original residue in 
100 c.c. of 1J% agar. The agar was previously washed and allowed to soak in 
several changes of distilled water for 4 to 5 days, then diied and made up to the 
required percentage. 1 c.c. of this 100 c.c. dilution was then mixed with 1 c.c. of 
the 1 J% agar, the equivalent of making up the original extract to 200 c.c. of \\% 
agar. Thus several dilutions were prepared to make certain that the test was 
within the proportionality range. 

Casting of agar plates . — ^The molds for the agar plates were prepared by cutting 
rectangular openings out of plastic sheet of thickness of 1-5 mm. The agar plate 
was then cut into twelve blocks, each of size 2-67 X 2-67 x 1*5 mm. and of volume 
10 c.mm. This size of agar block was specially chosen as the results were expressed 
in T.D.C. units. 

Computation of results . — -Results were expressed in terms of T.D.C./gm. This 
has been used in preference to the indole acetic acid equivalent (Avery et al., 1941). 
T.D.C. units can also be easily converted to units of other methocis as 100,000 T.D.C. 
are equivalent to 10 gamma of jS-indole acetic acid. T.D.C. = total degree curva- 
ture was calculated from the expression 

C.IOO.V 

W 

where C = avenvge degree of curvature produced by one 10 c.mm. block, 100 = 
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number of such blocks. V == total volume in c.c. of agar extract, W == weight in 
gms. of the tissue extracted. 

The minimum number of avena test plants used for any single determination 
was 12, although in many cases 24 to 36 plants were used. For a single determ ina* 
tion two diflFerent dilutions were used separately In order to oscertiiin that the 
curvatures were within the proportionality range. Curvatures of the shadow 
graphs were measured with the help of a special ty[)e of transpiirent plastic protectf)r 
fitted with a revolving arm (Went, 1937). 


ExpkrimkntaIi Resui.ts 

Comparison of different extraction methods. (Fig- 1*) 

The main object was to devise a suitable method for the extraction of auxin 
from rice grains. Although several test methods liavo been develojF'd by workers 
in the field, but it has been shown by Avery et al. and Hatcher that a good deal of 
variation in the auxin content is due to the extraction method and the tyi)e of 
solvent used. After using alcohol tliey have recommended water to be superior 
as a solvent for the extraction of auxin from maize and rye. Avery ft al, further 
emphasised the need for standardising tlie extraction method for each species before 
any reliable observation on the behaviour of auxin in the developmental process of 
a plant can be made. Accordingly a number of extraction methods wen^ tried to 
find out a suitable one for rice. 



eXTRACnON METHOOS 


WATER 

ALCOHOL 



'bound' and '’FRIE’ AU^IN 


m 

a 


AUXIN 

'bound' AUXIN 



Water extradition : 

The original method of Van Overbeek (1938) was partly modified by the authors 
to get the l^t results in this investigation. The procedure is as follows: — 60 air 
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dry endo8j)erras of rice with carefully removed embryo portions weighing approxi- 
matiily ()'75 gms. were ground finely with 5 c.c. of water for 3 min. in a glass mortar 
with an equal quantity of specially cleaned sand (washed in steam, alkali, acid and 
waU^r and then dried). The thoroughly ground material was carefully transferred 
to a 25 c.c. heavy walled ])yrox ghiss centrifuge tube, the residue remaining with the 
m(u tar and ]K^8tle being washed into the tube by another 10 c.c. of water (cleared 
up by 3 washes of 3 c.c. in each time). The material was subsequently centrifuged 
with an electric centrifuge for 15 min. At the end of the operation the clear super- 
natant liquid was transferred to a measuring flask and diluted to a definite volume 
and assayed for auxin activity by avena test. 

This method bis been found com|Viratively easier than other methods. As 
thcTe is no organic solvent present, it is unnecessary to heat the extract to dryness; 
hence (jomparatively much shorter time is needed for extraction. Prom the data 
presented in the Table I it will be found that the yielcjs of the auxin by water extrac- 
tion is not at all insuflic^ient in (?ompirison with tliat of multisolvent method. For 
the extraction <»f ‘fre(‘ auxin’ present in the endosperm of rice water extraction has 
been proved to be the best one; accordingly this method has been adopted in this 
investigation. 


Table I 

A uxin yield from rice endoMperm aA determined by the different extraction methods. Detcrmiruitions 
were rmvle from batches of 50 dormant endosperms with excised embryos. All avena cunmtures 

were within the proportionality range. 


I 



1 Fresh weight of 

Total vol. in 

Kxtnu'tiori niothodn 

1 50 endoMptirms 

c.c. of agar 


j in gras. 

I 

extract mixture 

\Vat«^r 

' 0-78 

50 

MultiHolvorit extract ion . , 

First 20 washes of alcohol 

0-75 

50 

S<M'ond 20 wiishos of wat<*r 


50 

First 20 washes of water . . 

0-77 

50 

Second 20 washes of alcoliol 


25 

Alkali hydrolysis 

iV/lOO NaOH at lOO^C. over water bath 
for 2 rains. . . 

0-74 

200 

N/YOO NaOH at room toinporatiire 
(2t)'^C.) for 48 hours 

0-78 

200 


Millions of 
T.T>.C.Igm. 


O-lf) 


007 

011 

012 
0*04 


0-49 


0-60 


Miiltisolveiit extraction: 

Avery et al. (1941) have shown that neither alcohol nor chloroform can extract 
all auxins from maize endosperm. Their results indicate that the auxin yields 
after multisolvent extraction are slightly higher than those obtained with w^ater. 
Accordingly successive extraction with water and alcohol in different sequences 
w'cre tried in rice endosperm. Weighed endosperm w^as finely ground with 6 c.c. 
of alcohol and equal weight of washed sand in a glass mortar and pestle for 3 min. 
The ground material w^as poured on the filter paper and suction applied. The 
first twenty washes, each with 5 c.c. of the solvent w^ere collected in one flask; each 
wash lasted one min. only. The filtrate was then evaporated to dryness under 
reduced pressure at GO'^C. in order to remove all the organic solvents present in the 
mixture. The dry residue thus obtained was again diluted with water to a definite 
volume and assayed for auxin activity. After the extraction with one solvent the 
tissue remaining on the filter paper dried for 16 min. at 46®C. The second 
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solvent water was then used in a similar manner for further extraction of auxin 
from the original tissue. From the data presented in the Table I it will be seen that 
the total yield of auxin extracted by the sequence of alcohol and water wivs 01 75 
million of T.D.C. per gm. of endosjK-rm tissue; of tins first twenty washes of alcohol 
removed 0-07 million units of auxin and the last 20 washes of watcT 0105 million 
uiiit«. Thus of the total amount of auxin about 40% nunoved by alcohol and 
60% by w’ater. On the other hand, the total yield of auxin extracted by 
the sequence of water and alcohol was 01 6 million ‘of T.D.O.; of this the first 20 
washes of water removed 75% and the last 20 washes of alcohol 25%. 


Alkali hydrolyfiis : 

The sample of rice endosperm was finely ground with equal wtught of wiwhed 
sand in a known volume of alkali at pH 9-5 for 3 to 10 mins. The pH 9-2 to 9-6 of 
the extract was maintained by using alkaline soda borax bulfcr. The ground 
material was transferred to a 25 c.c. heavy w^alled Pyr<‘X glass centrifuge tube and 
either boiled over water bath for 2 miixs. or kt‘pt for 48 hours at room temjx'raturo 
under direct exposure to light. Tlu* clear supi rnatant liquid after centrifuging in 
an electric centrifuge was lUMitralised wdth acid and a})pro})riately diluted for assay 
by the avena test. From tlie table it will b(‘ seen that after hydrolysis at pH 9*5 
the yield of auxin is 0'5 million T.D.C. per gm. of endosperm tissue wdut h is about 
3 times greater than the best yield obtained by water or multisolvent extraction. 
The amount of auxin liberated at lOO^’C. for 2 min. is approximately equal to th(?t 
amount obtained by the i)rolonged hydrolysis for 48 hours at room tenqxTature 
(26°C.). From a comparison of tlu'se methods it will appear that water alone is 
fairly efff‘ctive solvent for the removal of free auxin from ricc^ endosperm. In 
multisolvcnt method, howxw^cr, yields ol>tained in -most instances are only a little 
higher than those w ith w^atcT alone. The higher yield w as noted if a greater number 
of washes arc made wdth water, which according to Avery et nl., 1941, is due to slow 
hydrolysis. The striking effect of alkali-hydrolysis is tlie lib(Tation of bound auxin 
from its precursor in rice endosperm. Of the several methods for liberating bound 
auxin from rice endosperm alkali liydrolysis gave about 70% of total content while 
30% exist as free auxin extractable with water alone. 

A comparison of tlie auxin content of several graiiLs was made in this connec- 
tion. From the (hita presented in the Table II and fig. 1 it will be seen that maize 
grain contains the highest amount of free auxin as well as bound auxin. Of the 
two varieties of rice, Rupsail and Bhasamanik^ each of them contains a fairly high 
amount of free and bound auxin. 


Table TI 

‘ Free' and 'hound' auxin from different cereals of local varieties. Determinations were made 
from 5 hatches of 50 dormant endosperms with excised embryos and the auxin content 
expressed in millions of T.D.C .jgm. units 


Cereals 

Free auxin 

Bound auxin 

Rice — 



var. Rupsail 

015 

0-35 

„ Bhasamanik . . 

' 0*14 

0*37 

Oat 

009 

0-91 

Wheat .. 

007 

0‘26 

Maize . . 

0-53 

0*97 


3 



678 


S. M. SlROAtt & T. M. UAS: STUDIES ON THE PHYSIOLOGY OF RICE 


Auxin cmitmt of the vernalisefl grain : 

Th(* purjK).s(i <jf the experiment was to study the effect of vernalisation on the 
(M)fisumptioii of auxin by tlie germinating embryo during growth. Rice grains 
w(‘re first soaked in water for 4 hours and further 20 hours on moist filter paper in 
dishes. Afte r soaking some of the jxitri dishes wctc transferred to the refri- 
gerator (10' C.) and (jthers to a dark chamber at room temjxTature 25^ to 27°C. 
As the g(‘rminati<>n proceeded from (Lay to cLiy tlie total auxin content of the endo- 
sjx^rm after liydrolytic (extraction wer(‘ assayed by Skoog’s deseeded test. A few 
minutf^H before extraction tlie embryos and the pericarps were carefully removed 
from th(' (uidosperm. A group of 50 endosptTins from uniform sized seecilings were 
always used for (*xtraction. 

Along with th(^ d(4<Tmination of auxin content the fresh and dry weights of 
th(^ endospiTin and the growth of tlu* seedlings wen^ recorded and presented graphi- 
cally in fig. 1 and in Tables I.1J, IV and V’. Th(‘ (LiUi in Table III show that as the 

Table III 

Auxin yield from fiO endosperim of rice variety Tlupsail cultured at room and vernalisation 

temperatures 



Uoorn tf3rnporature 2fr-27”C. 

Vornalisation toinperaturo ICC. 

Maforials 

Fresh wt. 

1V)tal vol. 


Fresh wt. 

Total vol. 



of 50 (Mido- 

in c.c. of 

Million of 

of 50 endo- 

in o.e. of 

Million of 


sperom in 

figar 

'r.D.c./ 

sperms in 

a^^ar 

T.D.C./ 


^nns. 

oxtracd 

Ki^s. 

^(ms. 

extract 

gms. 

Domuuit . . 1 

0-75 

140 

0-51 




1 (lay 

1-21 

140 

0-24 




days 

Ml 

140 

01 2 

1*2 

1*40 

0-23 

5 days 

l() 

75 

006 

1-3 

140 

0*23 

7 days 




1-2 

180 

0-21 

1 5 days 




1*2 

160 

0*18 


'Pahi.f. IV 

Fresh and dry wcighlfi in yvus. of ftf) endosperms of rice var. Hupsail cultured at room and 

vernalisation temperatures 



H(.>()m Temperature 

Vornalisation Temperature 


(26” to 

27-5”C.) 

(10“C.) 

Days of 
p<3rmination 






Fresh weight 

Dry weight 

Fresh weight 

Dry weight 

Dormant 

0-784 

0-665 



12 hours 

1-263 

0-625 



1 day 

1-212 

0-580 



2 days 

MIO 

0-545 

1*205 

0-565 

3 

1-112 

0-520 

1*202 

0*565 

4 „ 

1-050 

0-490 

1*201 

0*565 

6 „ 

1-020 

0-460 

1*201 

0*564 

6 

0-975 

0*445 

1*200 

0*564 

7 

0-915 

0*420 

1*200 

0*562 

8 „ 

0-855 

0*390 

1*200 

0*562 

9 „ 

0-802 

0*370 

1*200 

0*562 

10 

0-750 

0*330 

M98 

0*560 


3B 
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Table V 

Growth of rice eeedlinga germinating at the room and oemcUiaation temperaturea. The data 

are the average of 10 individuals 



Room temp. (26'’-27*5"C.) 

Vernalisation temp. (10°C.) 

Days of 
germination 

Length of 

Length of 

No. of 

Length of 

Length of 

No. of 


root 

shoot 

leaves 

root 

shoot 

leaves 


in mm. 

in mm. 

unfolded 

in mm. 

in mm. 

unfolded 

1 

2-4 

1-6 


2-5 

1-5 

Nil 

2 

130 

50 


2-6 

2-5 


3 

370 

140 

i 

30 

2-6 


4 

660 

310 

1 

30 

2-6 


6 

62-0 

420 

2 

30 

2-6 


6 

670 

62-0 

2 i 

30 

2-6 


7 

71-0 

640 

2 

30 

2-6 


8 

750 

760 

3 

30 

2-6 


9 

78-0 

88-0 

3 

30 

2-6 


10 

810 

92-0 

3 

30 

2-6 

*» 


germination at room temjH^rature proceeded the total yit^ld of auxin ptu* gm. of 
endosperm tissue rapidly decreased with eorres}>onding decrease of fresh and dry 
weights of the material. More tlian 88% of the total auxin ])resent in the dormant 
(mdosperm was consumed during 5 days of g(*rmination at tlie room tem|KTature; 
the corresponding loss in dry weight was about 30% and tlu‘ seedlings have two 
unfolded leaves with 6-2 cm. root and 4*2 cm. shoot length. After 7 days of germina- 
tion no extractable hormone w'as detected in tlie (Uidos])(»rm . While the auxin 
consumption during vernalisathjii treatment at lO^C. was very small, even after 
15 days the auxin level was as much as 018 million T.D.O. During this period 
there was also little change* in fresh and dry weights nor any increment in the size 
of tlie seedlings. A remarkable effect of temperature on tlu^ consumption of auxin 
is thiLs very apparent. After 24 hours of soaking the total coiLsiimption of auxin 
pcT gm. of endosperm tissue was 0*27 million of T.D.C. units. But when these 
sprouting grains were transferred to the refrigerator at lO^C. the rate of consump- 
tion was promptly inhibited which was evident from the fact that during the next 
48 hours the total consumption was only 0 01 2 million T.D.C. 


Cause of die gradual disappearance of auxin from die germinating 

ENDOSPERM 

From the foregoing experiment it is apparent that the growth hormone is 
gradually disappearing from the endosperm at high temiX3rature. But the question 
arises whether during germination it is consumed by embryo or destroyed or masked 
by the inhibitor substances formed in the embryo. In order to elucklate this the 
following experiment was carried out. In the first set rice grains were allowed to 
germinate at room temperature under proper conditions described before. After 
24 hours of germination sprouting embryos with the epithelial layer wore com- 
pletely removed from the endosperm. The excised endosperm was then cultured 
for further 24 hours and subsequently assayed for the hormone content. In another 
set, germination of grains proceeded as before and the auxin content of the endo- 
sperm was assayed after 24 and 48 hours (the embryo was excised just before the 
extraction of auxin). Prom the results presented in Table VI it is interestii^ to 
note that excised endosperm 48 hours old contains as much hormone as the intact 
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one 24 hours old, in other words, after excision there is little or no appreciable 
change of the auxin level in the endosp^Tm. A much reduced yield of auxin has, 
how(iV(T, been rttjorded from intact endosperm 48 hours old indicating the fact 
tliat constant n^dindion of auxin from the endosperm can only take place in the 
j)rc8cnc(‘ of (unhryo. It is, therefore, evident that the gradual disappearance of 
auxin from the gerraiimting rice grain is solely due to the activity of the growing 
embryo. 

Table VI 


A uxin content of rice endosperm with embryo intact and excised 


Kxporimeritfl 


EndoRpomi after 48 hrn. — 24 hra. witli embryo 
24 l»rH. without (irn})ryo . . 

Endosperm after 24 Jirw. with intact embryo 
Endosperm afb^r 48 hra. with intact embryo 


Fresh wt. 

Total vol. 


of 50 

in c.c. of 

Millions of 

onUoHperms 

agar 

T.D.C./grn. 

in gins. 

extract 


1-20 

130 

0-255 

1-25 

130 

0-262 

1-18 

100 

0-155 


Effect of low temperature on tub hydrolysis of attxin precursor 

The ]mivious (‘xjxTiment indicates that at low temperature the consumption 
of auxin is markedly inhibited. In ord(*r to ascertain whether this inhibition is 
caus(‘(l by the int(‘rrupt ion of the liydrolytic reaction yielding auxin from its pre- 
cursor a s(‘rie8 of experiments wen^ carried out in which hydrolytic reaction of the 
auxin extract was maintained at different temperatures. The alkali hydrolysis 
(extraction method was followed. The endosperm material after grinding was kept 
in tlie (eentrifuge tub(‘ for 48 hours at different temperatures, 5*^, 10°, 22° and 27°C. 
and subs(*(juently centrifuged and auxin content ass^tyed by the avfma test. It 
shows (Table Vll) that by lowering the temperature, the hydrolysis of auxin pre- 
cursor is markedly inteiTupted. 

Table VII 

Effect of low temperature on the hydrolysis of auxin precursor in rice. 50 endosperms weighing 
approximately 0-75 gms. were extracted in mixture of 150 c.c. of agar extract 


Temperature of 

Millions of 

hydrolysis 

T.D.C./gm. 

27°C. 

0-51 

22°C. ' 

0-44 

lO^C. 

0-32 

5®C. 

0-18 


Discussion 

Different methods of extraction of auxin from rice endosperm have been tried. 
In , water extraction an appreciable quantity of hormone has been detected. 
Hatcher (1945) has also noted that repeated water extraction gives about the same 
auxin in winter rye as multisolvent extract. 

Tlie amount of free auxin in rice is as high as that of oat and wheat. Oat, 
however, contains much higher quantity of bound auxin than that present in rice 
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and wheat. In the endosperm of maize Yamaki and Nakamura (1952) have note& 
Y very low content of indole acetic acid. They Iiave suggested tliat auxins are 
produced by the embryo itself and for this purpose tryptophan as one of thc^ pre- 
cursor is transferred from the endosperm. Wliile Das (1953) luis shown that the 
isolated embryos are capable of synthesising auxin without the intervention of the 
auxin precursor derived fnmi the endosperm. The production of auxin in the 
isolated embryo is related to the carbohydrate and oxygen supply. Sucrose is 
considered to be the substrate for the synthesis of auxin. 

A marked inJiibition of the coiisumption of auxin from the endospwm tissue 
has been recorded at 10®C. together w ith the inliibition of seedling growth and loss 
of dry weight of the tissue. Thus during 144 hours of low temperature pTiod tlje 
total consumption of auxin from germinating endosp'rm is nearly 0*027 millions 
of T.D.C./gm. and there is little or no increase in the size of the embryo dt‘tected. 
But during the same interv'al of time over 0 45 millions of T.I).C./gm. of auxin lu\s 
disappeared from the endosperm tissue cultured at 2()°C. and the seedlings attained 
the size of 119 mm. length with 2 unfolded leaves. It app*ars that the disappear- 
ance of auxin Ls due to the activity of the growing embryo fis the auxin (onttmt is 
very little changed after the excision of the embryo. The gradual disappearance 
of auxin from the germimiting grain is of c()nsideral)le significance. Following the 
variation of auxin content during development of spring and wint(*r rye Matcher 
noted a peak value during development, followed by disappearance at mnturity. 
He suggested that this is due to th(? desiccation of the grain during ripuiing and 
not to translocation from the grain nor any growth activity. furtlu^r noted a 
large hormone conc(*ntration in the rye endosperm but it was not known wluit 
liappens to this stored auxin during germination. In rice it has, liowever, been 
shown that hormone gradually disappears during germination as it is needed by the 
growing embryo. Since no separate estimation of auxin content from rice embryo 
was made it may be possible that the hormone released from the endosperm ac^cumu- 
lates in the embryo proper. But it has betm shown by Das that little auxin 
disappears from the endosperm when the embryo growth is checked by low tem- 
perature treatment or the embryo excised from the endosperm. This apparently 
suggests that disappearance from the endosperm is due to the growth activity fd 
the embryo and not a case of its accumulation in the embryo. 

Auxin content of the rice seeds vernalised at low temp.Tature (Table III) is 
higher, but there is no acceleration of flowering (Sircar and Parija, 1949). This 
shows that high auxin level in the seeds is not related witli the acceleration of flower- 
ing which Cholodny has claimed. On the other hand, low temperature vernalisa- 
tion induced increased vegetative growth (Sircar and Parija, 1949). As auxin 
disappears with the growth of the seedling, it appears that high auxin level of the 
vernalised seeds is related to increased vegetative growth. 

SUMMABY 

DifTerent methods of extraction of auxin from rice endosperm have been tried . By avena 
test a comparison of the auxin content of different grains was made. 

Auxin content of the endosperm of rice during vernalisation at low tomp3raiuro remains 
fairly high while at the normal temperature of germination it disappears grodmilly. The dis- 
appearance of auxin from the endosperm is duo to the activity of the growing embryo as the 
auxin content is very little changed in the endosperm after the excision of the embryo. The 
effect of low temperature on the interruption of the hydrolysis of auxin precursor is indicated. 
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STUDIES ON THE REPRODUCTIVE TRACT OF ARIOPHANTA 
MADERASPA'^A^\\ (CRAY) (MOLLUSCA: PULMONATA) 

Part I. Histociikmistry of the Ammatouial Organ 
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Bamjalot'e 

(Communicated by B. II. Seshachar, F.N.I.) 

{Received June 15; read Octoher 20 y 1954) 


[ntkov>uction 

The reproductive system of pulmonate gastropods is highly complicated and 
consists of a number of distinct regions. A recent paper on the reprodm^tive tract 
of Ariophanki ligulata (Dasen, 193^^) details the possible nde whicli some of these 
different regions fill, but much remains to bo done in rt^gard to the otluTS. Among 
them is a cliaracteristic structure called the ammatorial organ which is an invariable 
component of the reproductive apparatus of Ariojdtania, It is believer 1 by Daseu 
that this structure, situated near the external genital aperture and given off as an 
outpushing of the vagina, is in the nature of an organ intended to excite the partner 
during copulation. It is believed to elaborate secretions, whoso function, however, 
is not known. It was felt that an application of modern methods of histochemistry 
and cytochemistry would help reveal the true nature of the substances formed in the 
ammatorial organ. Jlesides, it was felt that an application of these methods Wi)uld 
also throw some light on the functional importance of this comj)licated organ. 

Material and Methods 

For liistological and cytological studies the material was fixed in chilled 80% 
ethyl alcohol, Bouin’s fluid and Canioy's fluid. Sections 10 micra thi(?k were cut 
by the paraffin method. While the material fixed in Carnoy's fluid was stained 
with Peulgen’s reagent after a preliminary hydrolysis at 60'^ C. for five minutes, 
that fixed in Bouin’s fluid and in 80% alcohol, was stained either in Heidenhain’s 
iron haematoxylin or in Mallory’s triple stain. 

For detection of alkaline phosphatase, Gomori’s technique was employed on 
sections of material fixed in chilled 80% ethyl alcohol. After fixation, the material 
was dehydrated in alcohols in the refrigerator (as suggested by Brad field, 1951), 
cleared in benzene, and infiltratexi in vacuOy at 56® C. Precautions suggested by 
Danielli (1946) were taken during the course of treatment. Sections were then 
incubated in a substrate medium, consisting of glycero-phosphate at pH 9*4 and 
were later treated with cobalt chloride and ammonium sulphide. Upon hydrolysis 
of the ester by the tissue enzyme, a black deposit of cobalt sulphide was observed 
at sites of enzymatic activity. Controls were run as a matter of routine and these 
showed no signs of reaction. No counterstain was used. 

For demonstration of glycogen and other carbohydrate protein complexes, 
sections of material fixed in 80% alcohol and Camoy’s fluid were subjected to ’the 
periodic acid Schiff (PAS) reaction of Hotchkiss (1948) and McManus (1946, 1948), 
Besults thus obtained were supplemented by the use of the Bauer-Feulgen *and 
Best’s carmine techniques for glycogen and mucin. In all these cases controls 
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uero run by incubating the slides in human saliva for one hour at a temperature 
37' C. prior to routine treatment, in order to distinguish polysaccharides such e(s 
glycog<‘n from other reactive carbohydrates. While using the PAS routine, con- 
trols with the omisHion of periodic acid were also run, and these slides were made to 
stand in distilled watcT at the same temperature and for the same length of time os 
th(T test slides stood in periodic acid. Some of these preparations were counter- 
stained either with toluidinc blue, or with light green. 

To dlstinguisli the acidophilic part of the secretory material from the basophilic 
part, a few sections were also tre^ited, either with the methylene blue-eosin method 
om{)loytMl by Wirnsatt (lOol) or by Nocht’s azure-eosin method employed by I^Ilie 
(1 1)48). 

OliSERVATIONS 

'Fhe amrnatorial organ of Ariophmita maAeraspatana resembles in histological 
structure that of A. I'ujulnUi described by Dasen (1933). In a transverse section it 
is made’! up of four layers: (1) an outermost layer of glandular cells (‘overed externally 
by thin (M)nnt*ctive tissue, (2) thick musculature beneath, (3) a layer of connective 
tissue lying next to it, internally, (4) tlie linirig of the central canal which is thrown 
adradially into a number of poiiches (Text-fig. 1 /I, C). 

Th(i glandular part of the ammatorial organ is made up of four layers of cells. 
Ka(;h cell is large, more or less polygonal in shape, \vsith a conspicuous polymorphic 
nucleus. The cytoplasm is tilled with granular as well as non-granular secretions 
which are convt^yed to the central pouches by a number of radial canals traversing 
the musculature (Text-tig. I B). 

The application of tindinicpies mentioned above seems to indicate the elabora- 
tion, by th<^ glandular C(41s, of two very different and independent substances. In 
haeinatoxylin prc.parations granules fill the cytoplasm of the gland colls (Text-fig. 
I H, ('\ Plate XXI 11, lig. 1; Plate XXTV, fig. 12). These granules are Feulgen 
negative (Plate XX ill, fig. 4; Plate XXIV, fig. 14) but stain blue in Mallory ’s triple 
preparatirms (Plate XX II I, fig. 2; Plate XXfV, fig. 13) and are eosinophilic in 
methylene blue-eosin and azurc-eosin ])reparations (Plate XXIIl, fig. 3 and Plate 
XXl\y fig. IT)). The most interesting reaction, however, is found in the PAS treated 
material wliere th(^ cytoplasmic granules in the gland cells show up de^ep pink (Plate 
XXirr, tig. o). Incuhatum in human saliva does not dissolve them. These granules 
also stain green in Hauer-light gr(>en preparations. These facts make it clear that 
the granular secretion of the glandular colls is nuule up of glycoprotein, acidophilic 
in nature, and resistant to human saliva, perhaps a neutral mucopolysaccharide. 

In addition to the granular secretion, the gland cells appear to elaborate a 
non-granular material. This substance shows up particularly clearly in haema- 
toxylin preparations (Text-tig. I R, C\ Plat-e XXIII, lig. 1; Plate XXIV, fig. 12). 
It is also stained pink in Bauer-light green and Best’s carmine techniquas for 
glycogen and mnoin (Plate XXIII, tigs. 7 and 10) and is resistant to the action of 
human saliva (Plate XXIII, tigs, 8 and 11). It is negative to Mallory’s triple stain 
and does not show up either in methylene blue-eosin or in Nocht’s azure II eosin 
pre[>arations. Its distinctness from the granular secretion is clear. It is a glyco- 
protein, rc>sistant to human saliva and is perhaps mucin. 

The two kinds of secretory material, granular as well as non-gramilar, were 
also found in the radial canals as well as in the central pouches of the ammatorial 
organ. 

The application of Gomori’s technique to the glandular cells reveals that they 
display a particularly intense positive reaction. All parts of the cell show up dark, — 
cytoplasm, nucleus and nucleolus. The cytoplasmic reaction takes the form of 
fine dark granules, specially abundant in the granular secretion (Plate XXIII, fig. 9 
and Plate XXIV, fig. 17). It seems to indicate a granular localization of alkaline 
phosphatase in the cytoplasm of these cells. 
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Text-figube I 

(A) Transverse section through the ammatorial organ, x 61 . 

[B) A group of gland cells and a part of the radial canal magnified to show the granular and 

non-gran\dar secretions, x 610. 

(C’) A portion of figure A magnihed. X 122. 

ctL — connective tissue layer; grc. — gland cell; me. — muscular cylinder; cla . — connective 
tissue sheath; cp, — central pouches; rc, — radial canals; gs, — granular secretion; ns. — non- 
granular secretion; nu. — ^nucleus; nf. — nucleolus. 
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The muscular layer of the ammatorial organ presents cytochemical evidences 
of a rather int<Te8ting nature. In PAS preparations the musculature gives a deep 
positive reaction (Plate XXIFf, fig. o) while it is less intense in Bauer-Feulgen and 
Best’s canniiH? material (Plate XXIII, figs. 7 and 10). The significance of those 
reactions becomes clear on ap[)lication of human saliva for one hour, when the 
rea< tion becomes totally negative (Plate XXIIf, figs. 6, 8 and 11; Plate XXIV, fig. 
Hi). This clearly indicated a heavy accumulation of glycogen in the musculature 
of th(5 ammatorial organ. The musculature was totally negative to Gomori's 
technique and to methylene blue-eosin (Plate XXIII, figs. 3 and 9). 

The connfictive tissue of the ammatorial organ also gives a positive reaction 
with tlic PAS, Hauer-Foulgen and Be.st’s carmine techniques (Plate XXI 11, figs. 5, 
7 and 10). The reaction is not abolished on incubation in human saliva (Plate 
XXrn, figs. 6, 8 and 11). 

Ta hlk 

Table indicating the histochemical reactions of different regions of the ammatorial organ. 




Gland Celia 





i 

1 Secretion 

Muscle 


Nuclei 

! Nucleoli 

i 

i 

Granular 

1 Non- 

! granular 


Hiicmatoxyliu 
Mnllory’n triple 

\ (dark blue) 

! (blue) 

4 (blue) 

4- (blue) 

4 (blue) 

stniu 

1 (purple) 


-{-(blue) 


-t (purple) 

Foul^on roHgout . . 
Mothylono bluo- 

{ (purple) 





ooHiu 

f (violet) 


i (pur[)le) 



PAS (normal) 

PAS (control, in- 



-1 (pink) 


4- (pink) 

oubaioti in Haliva) 
Bauor-Foulgon 
(normal) 
Bauor-Fouk^cu- 



(purple) 

-4 (pink) 

[-(pink) 

li^ht >^roon 
(normal) 

1 (pjroen) 

1 (green) 

4- (green) 

4 (pink) 

4- (pink) 

Be.st’n Carmine 





(normal) 




4 (pink) 

4 (pink) 

BohCb (''armino 





(control, incubat- 
ed in saliva) 




4- (pink) 


Alkaline 1*1 los- 





phaiaso 

-f (black) 

4 (black) 

-f (black) 



Nocht’a ay.uro II- 






eoain 

4 (blue) 

4 (blue rim 
and pink 

4- (pink) 




1 

centre) 





Connec- 
tive tissue 


f(blue) 

-I (blue) 

f (pur[)le) 
-i (pink) 

-f (purple) 

-f (pink) 

+ (pink) 

-f (pink) 

+ (pink) 

-b(pink) 


Discussion 

Investigations with the use of histochemical techniques on the localization and 
distribution of alkaline phosphatase in a variety of animal tissues have proved that 
the enzyme plays an important role in a large number of metabolic processes. It is 
suggest^ by Danielli (1953), that if we assume alkaline phosphatase to represent 
the enzymic centre of a contratile protein the role of alkaline phosphatase in a wide 
variety of tissues can be euisily explained, the fundamental significance of enzyme 
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activity being the ability to make the chemical energy of a high energy phosphate 
ijond available for the contraction of protein. In a innnber of wiciely different 
animal tissues, the presence of alkaline phospliatase seems related to protein syn- 
thesis (Bradlield, 1951). It is also well known that the nucleolus is an important 
site of protein synthesis (Caspersson, 1950; Ludford. 1925; (Jresson, 1929 and 1932; 
and Raven, 1948). In the light of these observations, the cxanirrence of a positive 
reaction in the nucleolus of the glandular cells of the aminatorial organ oi Ariophanta 
for alkaline phosphatiise, seems to imlicate that here, too, tlio nucleolus is participat- 
ing in the elaboration of protein secretions. 

It has been observecl that in the gland cells of the ammatorial organ the nuclei 
also give a positive reaction to (Jomori’s technicpie. It would he interesting to 
speculate on the possible role of the nuclear phosphatase in tlie gland colls of the 
ammatorial organ. Among the major functions of alkaline pluxsphataso in animal 
nuclei are two which are related to the imnuHliate funetioning of the cell: (a) syn- 
thesis of nucleic acids and nuclooproteins required for mitosis, (/>) secretion and 
elaboration of formed substances and their transference inb) the cytoplasm 
(Chivremont and Firkct, 1953). The nuclei of gland cells are ii\ a staUi of almost 
permanent interphase. No mitotic ligures have ever been found in them and wo 
can rule out nucleic acid synthesis from the purview of tlu^ possil)le role of alkaline 
phosphatase. It seems to me that in the pn^sent material the occurreiKH) of lUJioloar 
phosphatase is related to the second of these functions. Instanc(*s of association 
of alkaline monoosteraso with intracellular seendion an^ not uncommon among 
animals. Recent studies on tlu'. spermatogeiiesis of the crusta(;(N‘tn Asellus aqua- 
ticu>s have led Montalenti et at. (1950) to conclude that tliero is a close correlation 
between alkaline phosphatase and intracellular secretion. \Vhil(' recognizing the 
fact that secretory phenomena in animals must involve a number of highly com- 
plicated l)ioehemical processes, the occurroneo of larger amounts of alkaline phos- 
phatase in the conspicuous polymor|)hie nuclei of the outer glandular cells of the 
ammatorial organ leads me to conclude that hero is yet anotlior instance) of the 
participation of the enzyme in cellular secretory activity. 

The occurrence, on the other hand, of largo amounts of PAS [>ositivo material 
in the cytoplasm of these cells would seem to inebcate that the nucleus is in some 
manner contributing to its production. As to the exact manner of this formation, 
we have no precise kkvi. Lcuchtcnborger and Hchrader (Iil52) working on the 
salivary gland cells of lldix pomatia and also the ovary of the liernipterous insect 
Acmithocephala (Schrader and J^uchtenberger, 1952) have developed the view that 
the elaboration of cell substances and glandular secretions is to be related to the 
degradation products of the nucleic acids particularly d(‘,soxyribonucl(uo acid (DNA). 
I am inclined to support the view of l^uchtenbergor and Schrader. I'lio occurrence 
of large amounts of alkaline phosy)hatase associated with DNA of the nucleus as 
well as the accumulation of cytoplasmic polysaccharides in these colls, seem to 
indicate a possible relation between the DNA of the nuclei and the polysaccharides 
in the cytoplasm. 

It was observed that this PAS positive material is granular in appearance, and 
is resistant to incubation in human saliva. On the other hand, the acidophilic 
properties exhibited by this material as revealed by its affinity for eosin (in eosin- 
methyleno blue and azure-eosin preparations) suggest that the polysaccharide 
might be neutral in character (Wislocki and Padykula, 1953). The associated 
occurrence of alkaline phosphatase and PAS positive material (probably neutral) 
suggests an intimate relationship between the two (Kroon, 1952). Recent work 
by Moog and Wenger (1952) has emphasized the fact that in a variety of animal 
tissues there is an intimate association of alkaline phosphatase and neutral pc4y- 
saccharides and the concept is developed, that the phosphatase-associat^ 
mucopolysaccharide constitutes part of a dynamic cytoskeletal mechanism and- 
provides suitable chemical conditions for its activity. Confirmatio\pf these views 
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has been providtjrl by the work of Lesher (1952) on the salivary glands of Drosophila 
rohusUt, and Hiiytor, Kroon and Neumann (1952) on the kidney of the male albino^ 
rat. 

On th(5 other hand, the pattern of distribution of alkaline phosphatase and the 
jxdyriaceliarideH in the secretory material of the amrnatorial organ suggests that 
alkaline phosphatase is of the nature of a secretory phosphatase, i.o., phosphatase 
(‘lahorate/i us a part of the secretion. It is interesting to recall here, that very 
similar secTotory phosphatases have been reportecl, elsewhere, as in the sex 
accessories of male mammals (IhTn, 1949). 

The posKif)l(i role of alkaline ])ho8phatasc in the cytoplasm which, as we have 
just noticed, is associate/l with I^AS positive material, now remains to be examined. 
It has already Ixjen obst^rved that in addition to the granular secretion in the cyto- 
j:)Iasm of the gland cells of the amrnatorial organ, there is also another secretion 
which is non-granular. This has been identified by its reactions as mucin. I am 
of the opinion that this mucin (glyco[)rotein) is probably derived from the polysac- 
(diaride of the granular secretion by some tyj)e of a phosphorylation-dephosphoryla- 
tion mechanism invcdving the alkaline phosphatases. It may be interesting to 
mention here that in other animal tissues where secretory phosj)hatascs are reported, 
as in the s(‘.x ac(‘(*ssori(!S of malt? mammals (Bern, 1949), a function of dephosphory- 
lating an ester pres(‘nt in the secretory material is attributed to the alkaline enzyme, 
in mu('h the same manner as acid phos{)hatase of tlie prostate s])lits acetylcholine 
of the human semen, as reported by Liindquist (1947). It howevc^r seems interest- 
ing to find in an organ which is considered as an essential part of the female 
reproductive apparatus, material parallel with that reported for the male parts of 
the reproductive system of vertebrates. 

I am unable to develop any conclusive views in n^gard to the function of the 
two secn'tory inat(Tials in the gland cells, granular and non-granular, but recent 
work by Aruha’son (1950) on the nature of secretions of the accessory reproductive 
glands of the dapaiK'se Beetle, Po/nlla japonica seems to indicate certain possi- 
bilities. In this animal, an accessory reproductive gland produces material wiiich 
consists of nuicus and mu(X)[)olysaecharides (along with lipids and ribonueleo- 
prot(*ins) which is believerl to have a function of lubrication. I am aware that an 
intimate (*omparison between the substances secreted by the amrnatorial gland 
cfdls of Ario})haf}ta and the accessory reproductive gland of Papilla can hardly be 
made, and is perhaps even unwarranted, but I am unable to resist the temptation 
of hazarding that among the possible functions of the secretions in Ariophanta, is 
also one of lubrication. The occurrence and localization of glycogen in the mus- 
culature of the animatorial organ seem to point to the possible role of this 
polysaccharide in this organ, (dycogen in muscle is intimately related with con- 
traction; in fact the whole secret of muscular contraction lies in an anaerobic 
breakdown of glycogen, and the energy made available during glycolysis is made 
use of in contractile phenomena. It seems logical to conclude that glycogen present 
in the ammatorial organ is meiint to furnish energy for the contractility of its 
musculature. 

Histochemical rwictions show that the connective tissue material of the 
ammatorial organ lying next to the musculature is perhaps made of both water 
soluble and water insoluble glycoproteins. These must form the ground substance 
of the connective tissue. The work of Gersh and Catchpole (1949) has shown that 
in a variety of tissues of the rat, the nature of glycoproteins is related to the state 
of their polymerization and also to their properties, and they cite instances where 
in both normal as well as pathological tissues a continual change in the state of 
polymerization indicative of change in properties is taking place. The simultaneous 
occurrence, in the connective tissue of the ammatorial organ, of both types of 
glycoproteins is a highly interesting phenomenon but I am imable at the moment 
to present any view s in regard to their function. 
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Summary 

Histologic^ly the ammatorial organ of the tidiail Ariophafita tn(ui<^ra^pat<inrt presents in 
transverse section, an outennost layer of ghindular coUs, a layer of inusoulature lying next to it 
internally, a thick layer of connective tissue and an innermost lining of the central canal which is 
thrown adradially into a number of pouches. The secretion of the glandular colls is conveyed 
to tho central jx)uches through radial canals traversing the musculature. 

The secretory material consists of two essentially separate substances; (a) a neutral muco- 
polysaccharide, granular in appimrance, and (6) mucin, wliich is non-grtvmilar. 

Localization of alkaline phosphatase in nucleoli of tho glandular cells is perhaps isolated to 
its rdle in protein synthesis, while its presence in tho rest of tho nucliuis suggests a part in the 
degradation of desoxyribonucleic acid and in intracellular secretion of polysaecluvridcs. 

The simultaneous occurrence in tho secretory material of the ammatorial organ of a noutnil 
mucopolysaccharide and an alkaline enzyme suggests an intimate relationship between the two. 
It seems possible that the polysaocharide-tissociatod phosphatasi^ plays a rAle in tho synthesis of 
certain glycoproteins of tho nature of mucin and other carbohydrate protein complexes. 

It seems possible that tho secretory material of the gland cells (‘t)usi8t ing of alkaline phos- 
phatase, mucus and inucopolystuicharidos has lubrication as one of its functions. 

Heavy mobilization of glycogen in the musculature of tho ammatorial organ indicates a 
means of furnishing energy by glycolysis for contractile phenomena. 

Localization of glycoproteins in the connet^tivo tissue would mean that they form it s ground 
substance. 

The occurrence of both mucopolysaccharides and mucin in the connective tissue is probably 
indicative of the state of their polymerization. 
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Explanation of Plates 
Plate XXITI 

'rranHV«>rs(‘ .st'ctiori of the ammatorial organ stained with Hoidonliain ’s iron haoma- 
t<3xylin, after fixation in Bonin’s fluid. >: 22. 

Tran.HverHe section of the ammatorial organ .stained with Mallory’s triple, aftc^r fixa- 
t i<»n in ehilled 80% alcohol. 22. 

Traui.sYer.se section of the aimmatoriad organ staiinod with methylene blue-eosin, aiftor 
tixaition in chilled H0% ailcoliol. 22. 

Travnsvorse section of tlao ammatorial organ stained with Feulgen’s reagent, aiftcr 
fixation in (’arnoy’s fluid. >' 22. 

TrauvHverso sectit)u of the ainrmitorial orgtui stained with PAS technique, after fixa- 
tion in chilled S0% ailoohol. 22. 

Control pn^paraition of the same, incii])ated in human saliva for one hour at 37“ C. 
prior to triMitment with tlie* ILVS technique. Note the abolition of the reaKdion in 
the musculature, the saliva, resistant grtvnular secretion and the coimective tissue 
sheaith. > 22. 

'I’raua.sverse section of the aimmaitorial organ stained with Bmior-Feulgen teehnique, 
ad'tau- tixaition in Carnoy’s (luid. x 22. 

(’onfrol pri'pnration of the same incubaitod in human saliva for one hour ait 37“ C.*" 
prior to treatment . Bauer-Feulgen technique. Note the aibolition of reaction in 
tlu' inusculatnro, and saliva resistant nature of the connective tissue sheath and 
secretory materials. >: 22. 

’I’rausverse section of the arnnmtorial organ incubated in sodium glj’^ceropho.sphate 
at ;dl 9*4 for 5 hrs. 45 mins., after fixation in chilled 80% alcohol. Note the deposi- 
tion of cobalt sulphide in the glaind colls, radial canals and in the central pouches, 
indieaiting sites of localization of alkaline phosphatase. x 22. 

I’ransvorso section of the ammatorial organ stained with Best’s carmine stain, after 
fixation in chilled 80*^0 alcohol. x 22, 

Control prc'paration of the same incubated in human saliva for one hour at 37“ C. 
prior to staining in Beat’s carmine. Note the abolition of staining in the muscu- 
lature. X 22. 

Pr.ATK XXIV 

.'V portion of fig. 1 magnified, showing the granular as well as non-granular secretions* 
X 250. 

A portion of fig. 2 magnified, showing the granular secretion. The non-granular 
soi'retion is unstained, x 250. 

A port ion of fig. 4 magnified to show the nuclei of the gland cells. The nucleoli are 
Feidgen la'gative. X 250. 

A portion of Hg. 3 magnified to sliow the eosinophilia of the granular secretion. The 
non -granular secretion is unstained. > 250. 

A portion of fig. 5 magnified. The secretory granules are PAS positive and saliva 
resistajit. x 250. 

A port^i*m of fig. 9 magnified to show localization of alkaline phosphatase in nucleus, 
nuoloolus and granular secretion, x 250. 
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Introduction 

This paper aims at a more or loss elaborate discussion on the vanadium -bearing 
titaniferous magnetite deposits related to the Mayurbhanj (Jabbn)-An()rthosite 
suite, on the evidences collected by the study of polished sections under the rolloet- 
ing microscope. The area lies to the soutli of Ciorunuihisarii in IMayurbhanj and 
the specimens for study had been collected from lodes in situ traced to the west of 
Kumhardubi village (22'^ 17' N. and 80" 19' E.) and further soutli to the north-i^ast 
of Betjharan (22'' 16' N. and 86'' 23' 39" E.). Near Kumliardubi tlu^ lodes occur as 
veins in Gabbros and Epidiorites striking roughly NNE-SSW. 'Ibe veins are 
variable in width (at places 2() feet or more) and form an irregular and imporsistent 
pattern. The hill slope is covered with tloat ore. 1’he Gabbros, Epidiorites and 
Anorthosites occurring in near [)roximity are chargenl with magnetite and as a 
result of this the specific gravity of these rocks tend to be very high. Here tlio 
Gabbro is j)egmatitic and sometim(‘s grey feldsj)ar bearing. Near Betjharan the ore 
bodies occur in gabbros as pockets and minor intrusives. Here too, the float ores 
cover the hill slopes. It is to be cmi)hasiscd at the outset that the petrological 
aspects of this suite of rocks will not be tak(‘ji up in this paper and only the 
microscopic criteria of the ore minerals will be dealt with. The texture will first bo 
described and then interpreted to throw some light on the mineral paragenesis. 

This particular deposit of vanadium bearing titaniferous iron ores was first 
described by Dunn and Dey in the Transactions of the Mininy, (Utological and 
Metallurgical Insiiiuie of India in 1937. Dunn also submitte<l the results of his 
work in the Memoir of the Geological Survey of 1 ndui in the same year. Another 
paper on the same area by »S. C. Chatterjee (1945) dealt with the petrology of the 
different rock t3^es, but he did not work with the ore minerals themselves. Dunn 
and Dey (1937) identified a number of minerals along with the magnetites and the 
ilmenites and described some of the textures exhibited by them. They, however, 
did not mention the occurrence of some of the minerals like Ulvospinel, Limonite, 
Pyrite and Martite, of which the 6rst is being described for the first time from an 
Indian deposit. Their observations regarding the textural relation of the minerals 
do not present a complete picture and little attempt has been ma/de to interpret the 
textures. The present author, therefore, has attempted to describe fully all the 
textures noteii and to put forward a well knit interpretation of such textures amply 
supported by evidences. The derivation of the magnetite-ilmenite exsolution 
texture from the original metastable mineral Titano-magnetite has been pro\;ed 
experimentally by the author by heating the specimens in vacuum at high tem- 
peratures for 24 hours and chilUng them immediately with water. Tliis particiilar 
procedure has been followed by other eminent workers like Re-mdohr (IQzST! 
Kamiyama (1929) and Edwards (1938). 
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Similar deposits have been reported from other parts of the world and the 
interesting FK)int is that almost all the dascriptions of these varied and farav^a^ 
deposits tally to a groat extent. As early as in 1913 Singewald described the micro- 
Mtruoturo of the titaniferous magnetites. Schwellmus and Willarase (1943) reported 
and investigated such occurrences of the Bushveld complex. V^aasjoki (1947) 
Hubmitte^l an excellent paper on the titaniferous magnetite ores of Otanmaki, F. P. 
Osborne (1928) diseuHS(3<l certain magmatic titaniferous iron ores and their origin. 
Among other important contributors on the .subject, references may be made to 
Ramdohr (1926 and 1953), Kamiyama (1929), Ishimura (1931), Warren (1918), etc. 
The results of the investigations carried out by the present author with reference to 
the characters of the ore minerals and their textural relationship, are given in the 
following pages. 


Microscopic Ciiarac^ers of the Ore Minerals 

The following minerals have been identified under the ore microscope on optical 
criteria, reflectance and etch reactions with different reagents. They are Magnetite, 
Tlrnenite, Hematite, Rutile, Limonite, Martite, Goethite, Lepidocrosite, Pyrite and 
Ulvospinel. Coulsonite, the new vanadium-bearing mineral identified by Dunn 
and Doy (1937), could not be confirmed beyond doubt as according to the present 
author only a slight variation of optical characters without accurate determination 
of stnicturo, chemical composition, etc., is not enough to name a now mineral. The 
[iroblem is being studied by the present author from different angles and the results 
will be published later on. The author has also submitted in this paper the values 
of power of reflection for the different minerals based on his determination with the 
aid of Rorek’s slit microphotometer. He used the green light for this purpose. 
Tn the paper by Dunn and Dey (1937) the power of reflection for each of the minerals 
has been given without giving any reference to the apparatus or colour of light used 
for the purpose. As the results obtained by the (loterrnination of reflectance by 
photometer o(*ular vary within a fairly long range from tho.se obtained by photo- 
electric cell, it is not safe to refer to the results given in the above-mentioned paper. 
Tn course of his investigation the present author has always tried to note all the 
characters of the ore minerals in every detail and has atb^mpted to give a complete 
picture in the follnv ing pages. He has described some of the minerals which Dunn 
and Dey (1937) have missed, e.g. Ulvospinel, Limonite, Pyrite and Martite, and he 
has also put forward in detail the etch reactions given by each of them. The mode 
of distribution of the different minerals in the polished section has also been care- 
fully described by the present author. 

Magnetite 

Tlic mineral takes a fairly good polish. The reflecting power, as in other cases, 
was determined by Berek’s microphotometer in green light and it came to about 
20 05% in air. The colour of the magnetite varies from greyish white to rose brown, 
though in the former cases the magnetite is mostly changed into hematite. The 
rose browm colour of the hematite-free magnetites has been imparted by its titanium 
content, and in some cases when it was examined in high magnification, it was 
found to contain very fine lamellae of ilmenite arranged in it. The triangular 
cleavage pits, typically present in other minerals of the same system (e.g. in galena), 
are visible (PI. XXV, Fig. 1) and inter-growths of other minerals, viz. ilmenite, 
ulvospinel, etc., with it, in consistent orientation, bring out the cleavage lines. The 
cleavage lines otherwise not visible, are brought out by slight etching in some cases 
(PI. XXV, Fig. 2). The typical character of magnetito yielding to pressure, may be 
-examined by drawing a needle on it. Tlie iK>wder is strongly magnetic. It exhibits 
no reflecting ]^\2bchroism and is isotropic in crossed nicols. The magnetite usually 
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i^ms the general body of tlio s])ecimens and it is associated with the ilnienites 
w nere the exsoliition lamellae of the latter are oriented in tlie octahedral dirc'ction 
ot the former. Many other minerals are also associated with the magnetites. 
Martitisation of the magnetite is commonly noted along the border. 

Etch Reactions . — -Etching was done with dilfereiit reagents and the time fixed 
was one minute. The results obtained are as follows: — 

Positive: HCl Mineral darkens and the fumes around the drop tarnisli. 
Solution turns yellow. 

HF .. Turns the mineral sooty black. IShows elfects of 

corn>sion. 

Negative : HNO 3 , KCN, KOH, FeCla. HgCU. 


Ihnenite 

The mineral takes a very good polish after careful and prolonged treatment 
hut usually some pits occur. The rellc'cling pow(‘r in air, as (hdermitu'd by Berek’s 
slit microphotometer, came to IH 50%. 1'his value is lower than that of tin* 
magnetite. Colour pink to piidiish brown showing slight ndh'cting pleoehroism. 
Strong anisotropism and laTUellar twinning are noticed in some? of the specimens, 
(dosely related to the magnetite. 

Etch Reactions . — -Negative to all standard reagcuits eX(‘epting HF which afb'r 
about two minutes darkens the specimeii and feebly corrodes it. Tin* ilmenite 
occurs in the following ways: — 

(i) rndividual and se})arati^ grains. 

(ii) Jn graphic intergrowth with the magnetites. 

(iii) As exsolution lamellae. 

(iv) In the form of veins and crack fillings. 

(i) Individual and se])arato grains. 

Individual grains vary very widely in size - -from very minute dots they vary 
in range up to 2-3 mm. in diameter. Tlu‘.se show also (‘xcelhuit hireflectanc (3 in 
shades of grey. They are slightly pitted in almost all th(‘ iNises and they have a 
high relief against the magnetites, Idiey are re[)lac(*d by Inunatites and limonites 
and also contain inclusions of hematite, magnetite and goethite. 

(ii) In gra})hic intergrowth with the magnetite. 

The ilmenite is found to occur in graphic intergrowth with the magnetites. 

The characteristic texture (PI, XXVIII, Fig. Id, and Id. XXJX, Fig. 17) and its 

implications will be taken up in detail later in this paper. The ilmenite is very 

fine grained wherever found to take part in the intergrowth. 

(iii) As exsolution lamellae. 

The ilmenites arc found to be oriented in the crystallographic directions of the 
magnetites with which they (exhibit exsolution textur(\ In sections they generally 
show as lines and are oriented in the octahedral plane of the magnetites. Hence in 
a single magnetite crystal they are oriental in three possible directions. The 
typical texture is very well shown in Fig. 5 (PI. XXVI). The details of this texture 
wdll be given later in this paper. 

(iv) In the form of veins and crack fillings. 

Irregular veins of ilmenite, cutting through the Widmanstatten intergrowth 
of magnetite and ilmenite, have been noticed. The veins are, in most cases, voty 
narrow. The earlier developed cracks in the magnetite in the ma^etite-ilmenite 
intergrowth are also filled up by later ilmenite which does not project tonguesnii- 
the former. 
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Hematite y Lirnonite and Martite 

These luineralH are gr(juj)e(l tr)gether because martite and hematite are almost 
idt^nt ical, the only (lifFereiiee be ing iiuit the former retains the form of magnetite. 
'I’he lirnonite is again only a hydrated product of hematite. Dunn and Dey (1937) 
have not mentioned the oceijrrene(; of lirnonite and no adequate reference has been 
made in tlieir paper about th(^ martitisation of the magnetites or the specific 
identifying characters of the martJtes. 

Th(‘H(^ minerals are very dillicult to polish. Power of reflection for the liematite 
in air and in green light varies between 23 to 27% (wlien mixed with magnetites it is 
23%). This is the highest among all the minerals present, but for the few minute 
spei^ks of pyrite scattered over the magnetites. Colour white to bluish grey for the 
hematites, and the typi(^al brick r(‘d internal reflection is visible in some cases. 
These, hematites commonly rc[)lace th(r magnetites in the octahedral plane as also 
following an irregular })att<‘rn. Tiny sIkjw conspicuous anisotropism. Micro- 
scopic twinning has also Ix'cn dete(!te(l in th(‘ hematites. 

Martitisation of the magnetites is fairly a common phenomenon noticed in 
these spc'cimens. It follows in general the octahedral plane and the grain bcnind- 
ari(\s of th(^ magnetites. The martiU's W(Te hhuitified on the basis that they retain 
tlK', form of the magiK^tilcs but exhibit anisotro])ism. They are not etched by HCl 
and ar (5 slightly corrod(‘d by flF after long treatnuuit. 

Then^ has be tm uoti(H‘d another variety of mineral with fairly low ^eflectanc(^ 
brownish black (colour and it shows at places the brick red internal reflection of 
hofiiatite. This mim nil, in spitt^ of consistent efforts, did not take a good polish 
and apf)ears dull in association witli magn('tit(“S and ilrncnitos; but it has been 
[)roved Ix'vond doubt to lx* some opa([ue mineral and not a gangue. On car(‘ful 
obsiu'vation th(‘s(‘ minerals art^ found l-o contain some amount of go(‘thite and a fair 
proportion of h(miatiU‘ and the author has identified the mineral to be lirnonite. 

Etch lieactioihsr -Thv bluish grey luunatite is lu^gative to all standard reagents 
excepting HF to which it r<*sponds very fci*bly after long treatment. In association 
with th(' magnet ites th(‘ latter are etcluxl considerably by concentrated HCl while 
tile formiT stands out in (^(mtrast. The martites give the same etch reactions as the 
hematitc*s. 

Rutile 

This miiu'ral, found in patches, is comparatively rare. It takes a good polish. 
Keflecting power 2 F\, in gretm light of Berek 's microphotometer. Colour pile bluish 
gri\v. Stnmgly anisotropic in shades of grey. Replaces ilmenites and thus exhibits 
intergrowth texture with magnetite (PI. XX\TI1, Fig. lo). From the nature of 
replacement and from the [latchy occurrence at some places, it may be concluded 
as a secondary mineial. It may be the ferriferous variety of Rutile, 'Nigrine', 
though it (X)uld not be conclu.sively prov ed. 

Goethite 

It takes a fairly good polish except in the earthy variety. Reflecting power is 
low—in gre(*u light and in air it comes to about 10%. Colour grey, reflecting pleo- 
(‘hroism distinct, anisotropism strong in shades of grey. Occurs in more weathered 
specimens as spherulitie grains with hematite, lirnonite, lepidocrosite. Replaces 
ilmenite at places. 

Etch Reactions. -T^nnn and Dey (1037) have declared the mineral to be negative 
to all standard reagents. . The present author has, however, found the following 
recults : 

Positive : SnClo (Sat. ) + HCl (0-2X) . . Stains vellowish brown. 

..HCl . . Fumes tarnish. 

Negatv-^ : HNO 3 , HaO,. HF, etc. 
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Lepidocrosite 

It occurs very rarely as a few baiuls w it liinf rtlf^oe t hi te . Reflectance definitely 
higher than that oi the goethite. Colour gfijyisli wliite. Anisotropic in shades of 
grey. Negative to all standard reagents/ 

Vouhonite 

This controversial ‘s})ecies' has been traced assuciated with tlu‘ inagnetitea, 
replacing them altuig the (xdahedral plane and also forming an irn'gular aiul spongy 
pattern. In places it replaces the magnetit(‘s retaining wholly intact the cleavage 
lines of the host mineral, exhibiting pseudomorphism (PI. XXVIl, Fig. 12). The 
colour of the mineral is bluish gr(‘y and it is i.sotroj)ic be tween crossed ni(‘ols. The 
reflectance is higher than thii.t of magnetite (abo\it 22‘/;, in gn‘en light in air. TIutc 
are, however, some magnetites a.ssoeiated intimately with thtmi and thendbre the 
iefle(‘tan(‘e reeordisl may be somewhat hover tlian t he actual value). \\V[ and Atpia 
Regia (^teh the magnetite but this bluish gr<‘V variety nmiaiiis uuet(*hed. The 
ilmenite latlis proceed througii the eoul.soniU' unperturlH^d (I'l. XX\’1I, Fig. 11). Its 
difference with the luunatite is a difference in the colour toiu* as well as in the fa(‘t 
tliat luunatite is anisotropic. It resembhs maghemit(‘ v(‘ry much, but it gives 
})ositi\(* test for vanadium on which criterion Dunn and Dcy' (1937) (‘reated a new* 
name for it. According to Dunn and Dcn' th(‘ ‘ po.ssibility of its Ixung a vanadium 
rii'h maghemitt* made the introduction of a disDnC. name advisable to avoid 
confusion’. T’hc' author is not in a position to (^omuKuit on the valiility of this 
new name at pr(.\s(‘nt, l)eeaus(* lu* has only th(‘ ore micu'oscopie, (‘tc h n'action, and 
th(' r(‘llectan(‘c data in hand at th<; pn'seiit moment. X-ray powder analysiH 
and magmdic studies are, howevtu*, being carricxl out af pr(‘S('nt with t.h(‘ isolated 
(by means of a (h ntist's drill) grains of tin* doubt lul mineral which may add some 
more information to th(‘ [)resciit state of knovvhxlge of the probhu)!. 

Pyrife 

This mineral, mis.sed by Dunn and Dev, has ))een spotted by the author as 
minute grains often retaining th(‘ cubic shaj>e, scattered ov(‘r the magnetite. It has 
got a distinct yellow^ colour and a very higli relleetane(‘. Th(*se are isotropic 
between cn^ssed nieols. 

Uivdspinel 

This mineral is being de.scribed for the lirst time from India. Fine lamellae of 
this mineral have been identified, occurring as nc'cdh^s in the s(‘etioTi of magnetite 
parallel to the (100) fae(‘. The lamellae an; orhuited in the eubi<^ direction of the 
magnetite making an angle of OO*^ among th(;mselves (PI. XXV, Fig. 4). They are 
isotropic, resistant to all reagents and with these criteria can (‘asily be (listinguished 
from the ilmeiiites, tlie only other mineral exhibiting similar texture in these 
specimens. The refksding power of this mineral could not he determined as the 
minerals are very minute even at very liigh magnification in oil immersion. This 
vari(4y has recently been described fully by Ramdohr (1953) in'lii.s paper in the 
Eco no rn ic G eology . 

Description of textures 

In describing the textures noted during the observation of the specimens, the 
author intends to proceed in a systematic way by classifying them into different 
types. Dunn and Dey (1937) in their descriptions of the textures exhibited by ty^se 
minerals did not attempt any elaborate study and only, some of the textures 
Widmanstatten and Graphic intergrowth) were touched. They •^ave not eifficT 
mentioned or liave given inadequate consideration to the mottleS intergrowth 
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tpxliin; and the rcpkictiment t(.*xtures exhibited by hematite- ilmeiiite, lim om t^ 
ilrnt‘nite, ^'ot;thit(‘-ilrnoiut(‘, inveHligations by the present author reveal 

the ibllovviiig types of textur(‘s: — 

(i) ('rystallograpiiie intergrovvths, (ii;>Graphic intergrowths, (iii) Mottled inter- 
growtlis, (iv) li(‘plaeeinent textur(*K. 


( i ) CryHlalUiffrtt ph Ic inleryrnwth . 

I'tiis is th(^ typical intergrowtfi texture noticed in all the specimens and almost 
all the iluKHiite grains, apart from those forming the individual and separate big 
grains and veinh^ts, take ]>art in the formation of such intergrowths with the magiie- 
tites. 'rh(‘ ilruenite lamellae an^ orii^nted in the octahedral plane of the magnetite 
and a maximum of thre(‘ (liffer(‘rit directions of orientation has been noticed. The 
angl(‘ iiiafl(‘ by the lamellae among thernselvt^s varies witliin short limits and is 
more or l<\ss ftO' in averagt^ (PI. XXVJ, Fig. b). In some cases the lamellae are all 
e({ually thin or e(jually (‘oarsi', wht‘n‘as in other places they are ditferent in different 
din ctioiis. Whe re two different ve'inh^ts or lamellae meet there is no enlargement at 
the* [)oint of e^ontae’t, ratlie*!* a stn t of e’ontraetiem and pinching out phenomenon is 
obse'rv(‘d (FI. XXV'I, Fig. ft). The* oriented needl(‘S e)f ilmenite may best be observed 
by e'te'hing the magiie*tites by llGl vv he‘n the ilmenites are ne>t affectexl and stand out 
promin(*nt ly. Almost novshe‘re have* the ilmenite lamellae bitte'n inte) the magnetite 
jiroving that no re*piae(*m<*nt by the* former has Uike*n place. 

Similar eTystallografihie* intergre)wth texture has be*en presented by magnetite 
and ulveispine*! on the* (100) fae e ot the magne'tite (FI. XXV, Fig. 4). The ulvospine‘ls 
are* not atta(‘ke*el by HF whieh elistinguishe s them from the ilmenite*s. They are 
also isotro|)ie*. The* idvospine*ls elo not bite into the magnetite and she)w no 
e^vielenee e)f re^place nu'nt. 

(ii) (iniphlc itiicriirowih . 

This type of inte'rgrowth betwe*e‘n the enirved lame‘llae of ilmenite* and 
ma.gne*1 ite* (almost e'hangeel to he*matite subse*e{iu‘ntly) has been noted by the author 
at s(*ve‘ral places (FI. XXMII, Fig. Ulanel FI. XXIX, Fig. 17). Tlie grains involved 
in sucli inte'rgrowth are* very minute and e'an e)nly be seen in very high magnifie*ation. 
The inteu’growth is guieleel by no e*rystallographic plane and the texture has no 
continuity n,t all. This ty[)e of intergre)wth e)ccur8 in a very scattered way in 
the specimens. 

(iii) Mottled Interyroirth , 

Mieaosce^pic inclusions e)f ilme'uite into magnetite has been recorded in many 
specimens. Thesi* inclusions are rounded as well as extremely irregular and vary 
from very liiu* specks to ('oarser variety. They are arranged sometimes in the 
crystallographic direction of the magnetite (FI. XXVI, Fig. 7), though commonly 
they are irregularly scattered. 

(iv) Eeplnci ment text u ns. 

Undoubted replacement textures have been found in a number of cases and 
the following minerals are involved: — 

(a) Hematite replaces magnetite; (b) Hematite replaces ilmenite; (c) Limonite 
roj^aces ilmenite; (d) Goethite replaces ilmenite, and (e) Coulsonite (?) replaces 
m^ietite. ^ 

These wi^' be taken up one by one. 
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(n) Hematite replaces magnetite. 

*Trhe hematite lias replaced magnetite mainly ;^ong the grain boundaries and 
the octahedral cleavage planes. Wherever has been changed to 

hematite there may be noticed an intermei/mte ])roduct which, though rt^t^dning the 
form of the magnetite, is anisotropic y¥ftd has been idi‘ntified to be ma.rlile. Jn 
almost all the specimens, and ]>articularly in the e^ise of mort* (U* loss t itanium-free 
magnetites, the change from magnetite ti> liematite is nearest to tM)mplction. Only 
])atches of unreplaced magnetite remain to ])rove tlie original mineral [)resent. 

(/>) Hematite n‘places ilmeiiite. 

This is a very clear case exhibited in the s])ecimens. 1'lu‘ ilmenites havt* been 
replaced along the borders in most cases and it may a.lM> be noticed that, larger 
grains of ilmenite almost invariably have a rim of hmnatite (PI. \X\T, Fig. <S). 

(c) Limonite replaces ilmenite. 

Tlie dull looking mineral containing luunatite and goetlrte and identitied to be 
limonite, has replaced ilmenite both along the boundary jiem^t rating into tiu' grains 
and also in the cleavage directions. Figure S (PI. II) will show the actual mod(^ of 
replacement. 

(d) Go(‘thite replaces ilmenite. 

Goethite has been found to replac(‘ ilmenite in th(‘ grain borders and in some 
eases the rejdacement proceeded in the vertical plan(‘ (plaiu^ V(‘rtic.i.l to th(‘ phine 
of the polisluul surface) so that the goethite has l)cen (‘iiclosed bv th(‘ ilmenite 

(PI. xxvn, Fig. 10). 

(c) C(julsonit (' replaces magnetite. 

Coulsonite ( ?) which shows crystal lographit^ continuity with the magnetite, 
repla(;(‘s the latter without alTecting the ilmenite exsolution lamelhu^ in th(‘ least 
(Pi. XX\'il, Fig. 1 1). The colour gradation due to variable vanadium content masks 
th(‘ sharp boundary l)etw'(M‘n the minerals but as t]i(‘ accomj)anying Figun^ 12 will 
indicate, (*oulsonite replaces tlu^ magnetite wholly w ith tin* cleavag(‘ ])lanes of the 
latter retained intact. The replacement texture (‘an only b(‘ ck'arly visible when 
th(‘ specimen is (dched with HCl so that magnetite resj)onds when'as coulsonite is 
iK'gative. 

Interpretation of textures and minerai. paraoknests. 

In the pre(;eding section a mere description of the U'Xtures exldbitiHl by 
dilTerent minerals has been given. The possible origin of su(;h textures w ill now bo 
taken up and a paragenesis of the minerals will be drawn up based on tlie interpreta- 
tion of the varied types of textures in wdiich all the minerals pn^sent have tak<‘n 
part. The author has used in this section the term ‘exsolution’ synonymously 
with ‘unmixing’ as advocated by Hchwartz (1931) in connection with the interpreta- 
tion of textures of ore minerals. 

(i) Crystallographic intergrowth. 

Most systems break down along a curve of decreasing solubility. A gradual 
precipitation is thus effected resulting in an unmixiiig texture vrtiich in most cases 
may be referred to the crystallographic orientation of the major component. The 
Widmanstatten texture exhibited by magnetite and ilmenite probably resulted 
in this way. In these crystallographic intergrowths, as already observed, both the 
coarse and fine lamellae have taken part, the former being, according to Dunn and 
Dey (1937), contemporaneous with the vein ilmenites in age. The author lias also 
noted coarse ilmenite lamellae merging into veinlets of the same mineral. jUhe 
finer lamellae of ilmenite, however, do not exhibit any such character and are 
definitely different in age, originating by the process of unmixing\ In this texture 
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•the ilrnetiiieH un* oritriited in tfte octahedral plane of the magnetite making an angle 
of apf)roximately 00"' among fA*m.s(‘lves. In these the- minor component is ilmmi itr 
which is arranged in the direction of tlu^ magnetite (much altered 

to lieniat it< ) which in this case is tny maj(^r comp<;nent. The absence of any 
ilm(‘nite biting into tlu^ magnetite testim^ tliat the ilrnenite is not replacing the 
rnagnelitc* talking advantage oi' the j)articul)tr weak zones. The ilmenit(^ laths are 
orif iittd in ditfenmt diri'ctions (ai the polished surface according to the vari(id 
orientation of tlu* magnetit(^ grains (PI. XXVJII, Fig. 13). In case of n^placement 
such (tonsisl(*ncy in lh(' U^xtural relations Ix^twc'en magnetite anrl ilnu nit(‘ cannot bi‘ 
(‘xpect(‘d. All these siiggest an unmixing origin of the magnetites and at h^ast the 
fiiu* ilmenit(‘ lam<*lla(*. 

A(‘conling to Diinn and l)(*y (19!i7) the coarse lamellae of ilmcTiite originated 
by internal segregation after crystallization of the ‘ titanomagnetites ’ while the 
finer lanu lla(‘ vvt re formed w Ikti tla* lattcT h<*came unstable at abf)ut tlu' sanu' 
time. They also stated that compared to the distortion of the feldsj)ar lattice of 
the soda ricli areas d(*scribcd l)y Sp<-ncer and others, a gradual coiuu-ntrat ion of 
t itanium ions alotig ctu-tain plan(\s during the cooling of the original ‘ titanomagiuo 
titt*’ crystals, vsithout disturbance of tiu* cubic lattice may be pictured, until a 
certain limit ing vahu' of e(jnc('jit rat ion is r(‘ached and t}u‘ cubic franu‘Work in th(‘s(> 
areas tluui (‘ontracts and rotat(‘s to giv(^ the framework of rhoml)ohedral ilnuuiite. 

\Vh(^tlK‘r Dunn and Ihy’s theory of segregathui is the process or 0. 
Schwartz’s suggestion of (‘xsohit ion is th(‘ caus(‘ for such a texture is a debatal)le 
({uestion which c*annot bt‘ ('asily solved with microscopic study of the sp('cim(‘ns 
only, for th(‘ nsultiiig t(‘xtun‘ in both may be more or less the same. TIu' titaiio- 
magnetit(‘ (h'scrilxsl by Dunn and I)(\v (1937) as ‘primary homogcuu'ous Fe-^fi 
oxid(‘ of cubic symm(‘trv‘ has nowlu'n* Ikmui conclusively identili(‘d, rather iTi all 
Husp<'('ted cases th(‘ ‘miiusal’ uas foimd iii high })owt‘r to bo intergrowth of V(‘ry 
tiiU' lamella(‘ of magnet it(‘ and ihnenite. Th(‘ author, however, tried to verify the 
theoretical (U‘duction of the <l(‘rivation of magnet ite-ilinenite (Tvstallographic^ 
intergrowths from ‘ t itanoma.gn(‘t it(‘' a metastabh' mineral. Tluac^forc^ follow ing 
tlie ])roce(lur(‘ of Uamd(»hr (l9L^b), Fdwards (193S) and Kamiyarna (P.)29), he 
studied th(‘ polished sccti(»ns of th(\se on* minerals tirst and recordt'd his obsi rsa- 
tions, ’'I'lu'H tin* sann* polished sp(‘cim<*n was heatt‘d in vacuum in an (*l(*ctric 
furnace for li4 luuirs Jit t<‘nip(‘ralures ranging from bOO'Tf to 1300^(\ at intervals of 
l(Hf’(\ .Aft(‘r 24 hours t in* specimen was chilled in water to arrest the miiieralogical 
and textural change’s due to tha.t iKirticular te'inperaturc. The crystallographic 
iiitergrowths b('tw<'cn magnetite and ilrnenite h(*gan to be affected at SOOTb when 
th(' ilnu’iiite* lanu’llae* gradually began to widen and this widening with the inter- 
mixture of the two iniiK*rals continued at high temperatures till at J200T. all the 
intergrowths wi'ic* gone, the* two minerals mingled into one another to form a mixc'd 
mineral. The resulting mixed miiuTal is ‘titanomagnetite’ which exhilhts slight 
anisotropism, rose l)rown colour and has the reflecting power round al)out 19 
which is int('rmcdiat<‘ between the values of the original minerals. The reflectance 
was measured with photometi'r ocular in given light. Thus tracing back to the 
original nu^lier mineral experinu*ntally, the derivation of the ilmenite-magnetite 
exsolution texture^ can easily be established. 

The prest'nco of ulvbs})inel with tlie intergnnvths of magnetite and ilrnenite 
may complicate tlu' theoi\v of the origin of the ilmenites, as the ulvbspinel (FeoTi04) 
is liable to destruction by oxidation by giving out ilrnenite and magnetite as inay 
be seen beknv : — 

3Fe.Ti04 + 0 = 3FeTi03+Fe304, 

The Vxt motion direction of the ilrnenite was therefore determined and it was found 
to ejnubit |>arallel extinction in almost all the cases. No parquet of sublamellae 
of ilrnenite w^as ’Resent in spite of vigorous search and as such, following Ramdohr 
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(1953), the author discards the possibility of the ori"i|i of the ilnienites by oxidation 
of t?ie ulvospinel. 

(ii) Graphic inter growth. 

The inter^rowth of typically cAvod lanu^llae of ili]ienit(' and nia^ietite 
(PI. XXV ni, Fig. 10 and PI. XXIX, Fig. 17) is fairly common in specimens studied 
under high magnification. As to the origin of tlu*sc graphic' intergrowths there is 
much controversy. Some like Whitehead, Ib^gers, I.indgn'n. Schwartz, etc., acec^unt 
replacement tor the origin of this texture whcrc'as otlu'rs con(“hid<' that the minerals 
have originatcMl contemporaneously. The c\ i(ie!U‘es iigainst rt‘j)la(‘(‘mcnt in this 
particular case are as follows: — • 

(i) The boimdari(‘S are not serrate und(*r high magnification and no tongue 

from the ‘guest’ projects into tin* ‘host 

(ii) No vcinlet of the ‘guest’ tra\ers(‘s the ‘host 

(iii) There is no transition from the intcagrowt hs of ‘guest’ and ‘host’ into 

unquestionable periph<‘ra.l rc'placc'ment of ‘host ’ by ‘guest rather 
such textures nu'rge into the crystallogra])lu{‘ intcTgrowtlis of the 
same minerals. 

(iv) No caries of ‘giu'st’ in ‘host’ at the' hoiindary of the' intergrowth. 

(\ ) Lindgn'ii’s (1930) comments on the ps(‘udo(‘utc(*tic texture's d() not hold 
good in tliis ease because he considc'rcd the' soft ndnerals only. 

(vi) Th(‘ intcrgrow'th is veTV (*lo.scly assoc*iatcd with the' rod-likc' (‘xsolution 
lamc'Dae of ilmenite which arc' definitely of the same age as its corres- 
ponding mc'mbcr taking part in the intcrgrowtli. 

From the above (‘orisidcrations the nqilaca'nu'nt origin of the gra]>hic inter- 
growths of ilmenite and magnetite may be* discarded. ’Fiiis also finds sup]>ort iii 
the fact tliat the dc])osits are of magmatic origin and that- a microincdric analysis 
of the minerals reveals that the pro})ortion of the* magni'titcs a.nd ilmeuitcs in the 
intergrowths is fairly constant (ilmenite approximate ly 40% a.nd magnetites apj)roxi- 
mately on tlie average OO^/o)- therefore scc'nis to tlus author rnons probable that 
the excess of ilmenite after the mineral had (M)m])Iet(*(l tluj Widmanstatten texture, 
could not fit in the octahedral piano of the magnetite and tlu'se formed the graphic 
intergrow'thwS. 

(iii) Mottled inter growth. 

The texture is characterised by ilmenite blebs, plat(‘s and rods included in tlie 
magnc'tites arranged more or less in some definite' direction parallel to one another. 
T1 le ilmenite grains are v^ry minute and can only be obsc'rvcd under very high 
magnification. The absence of ‘caries’ and the presence of a very constant arrange- 
ment, all suggest a process of unmixing, though by this textun' a definite conclusion 
can never be made. Their mode of origin can be ascert 4 iin(‘fl from the nature of 
origin of the associated grains, contemporaneous in age and having siibstantial 
proofs as regards their mode of origin. The association in tliis casej^ith the Wid- 
manstatten texture, the members in both the cases being of the age, suggests 

that the mottled intergrowth might have resulted by unmixing or furthermost by 
segregation. 

(iv) Replacement texture. 

Undoubted replacement textures have been encountered with, in which helna- 
tite, magnetite, ilmenite, limonite, goethite, rutile and coulsoiiito liave taken part. 
The hematite has replaced magnetite and ilmenite whereas limo^te, goethite and 
rutile have replaced ilmenite only, Coulsonite exhibits replacemci^^ texture \fith 
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only but not with iiirienite. Not a single example of ilmenite replacing 
other mineralH has been sighteA. 

"I'h(‘ hematite has replaa^^'U*4*^^magnetite mostly in the octahedral direction 
(IM. XXVdJ, Fig. 9), although })atehy alt(‘rations liave betui noticed quite often 
(PI. XXV'III, Fig. 14), The gradual pr^'-c'SH of rnartitisation i.s quite vi\ id. The 
origin of hcmatit(‘ here is attributed to weath Ting and these are sta-ondary products. 
Again ( h(‘ a( ciirnulation of hematite around coarse laths of ilimuiitc and magnetite 
siiggesls that tlu* hf*matite has a(‘cumulated side by side with the separation of the 
coarse laths of ilmeiiite. The hematite has replaced the larger grains of ilmenilt^ in the 
form of v<uns traN'crsing through tin* latter as w(‘ll as along the boundary (PI. XX VT, 
Fig. 8). Th<* limonite, with some hematite and goethite, also re})laces tlu‘ ilmenite 
along the b(Tder (PI. XX \T, Fig. H), as W(41 as along the cleavage lines of the latter. 
(hM‘t}iit(‘ (‘xhibits repla(;ement t(exture with ilmenite and its tongues an* projected 
into tlu‘ latt(T (PI. XXVTI, Fig. 10). All th(‘se replacing minerals are secorularv in 
origin. Kutile replaces iliru^niU* along tin* grain boundary and sonu‘limes r(‘pla(‘es 
the latter while arrang(‘d along th(‘ (»ctahedral plane* of the magnetite* (PI. XXVI 11, 
Fig. IT)). 44ie much d(‘l)at(*(l ‘species’ coulsonite shows replace'ment nlatiuns with 
the magnet it (‘s though the* ilm(‘nit<“s are* not alfecteel at all. It n‘plaee‘s the* latte*!- 
pseuielomoq)hie{dly wiie*n all the* eleavage* face‘s e>f the magnetite* are* retaineel 
(PI. XX\Tl, Fig. 12). in Fig. IS (Pi. XXX) the? (*ontact e)f ce)ulse)nite* anel ilmenite 
is she)vvn te> be* a sharp line* while* the* nuignetite is etched se>e)ty black. In Fig. 19 
(PI. XXX) the* coulsonite* may be se‘e'n te> replae‘e magnetite (ete*heel se>e>ty black by 
e*e)ne*entrate‘el 11(1) cutting insiele fre)m tlie e)e*taheelral fae*e. Fre>m the te'Xture* 
it se*e*ms (hat the* vanaeliurn iems have segregate*el in the magnetite te> form 
ceuilsonite*. 

MrNEKAL l^\UAOENESTS 

It se'e'fus from all a\ailable* elata that the* Wielmanstatte*n inte*rgre)W'ths e>r tine* 
lame'llae* e)f ilme*nite' and magne'tile* were* lirst te) be* fe)rnu‘el by unniixing. The* 
coarse* lafne*llae* of ilme*uite we*re* fornu*el afte*r the‘m, probably by ;i.ccumul<‘tt ion 
thremgh se‘gre*gal ie)n, and these* ere* e*e>nte*mporan(‘ous in age* with the* ve in ilmenile's 
w-hi(*h e>fte‘n e*ut tiuough (he* n!agne*t ite‘-ilme*nite int(*rgrowth Patches f)i inagne*- 
tite*s IVe'c fre)m ilmenite* lam(‘llae‘ ha.\e* be'e'ii e*ne*eninte‘r(*d with but, ne> vein of this 
magnetite* has be'e*n spe)tte*el. It se e'lns pre)bable* that ;i,fte‘r the* e*rvstalli.sation of the 
oriLonal neagnet ite-iliTU'nite inte*rgrowth the- ilmenite and titanium-free magnetite 
re‘maine*d in solutieui anel ervstalliN( d late*r, the ilnie*nite* probably (*r\stallising 
.slightly earlie'r. The* la-ter titanium-free magnetite* is the)roughly altered by 
he'inatite* and it has be'eii sugge*^ted that this \arie*ty haei excess e)f oxygen 
whieh fa(*ilitate‘d the alteration te) hematite. The hematite which replae(*d the 
ilme*nite and some* magnetite in the intergrowths, is secondary, tormeel due to 
W(*athering. (lejcthite is another .se(‘ondary pre^eliut and is much Iate‘r than the 
(*e>arse graine*d ilmeiiites whieh it re*pla(*e‘s. Rutile is also later than the* ilmeiiites 
(line* anel (*e)ars(* graine’d). No re'kitie'ii l)(twe‘e*n hematite, goethite and rutile could 
be established anel therefe)re tlu'v may be grouped togetlu'r as much later minerals 
any e)f which might be formed earlie'r than the other, (’oulsonite, whieh replaces 
the magnet tin* intergrowth with the* ilme'iiite* is much later ])ut its relatie)n 
with the (*oarse grains e)f the ilmenite eanne)t he* established as nowhere has the 
ilmenite or coulsonite e*xhil)ited any re'plaeeme'nt relatiem between themselves. 
But according to nunn and [)(*y (1927) licmatite* (scce)ndary) replaces coulsonite 
whieh, if correct, te'stities that the latter mineral was formed earlier than the 
secondary minerals. 

Conclusion 

In the prece^^g jwvges the results of the mineragraphic study of the vanadiuin- 
beiiring titauiferjus iron ores of Mayurbhanj, India, have been tabulated. In this 
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connection polished sections of the ore minerals wenl examined under the ore 
8CO|je, subjected to etch reacti(»n with various reair/nts and (he reflecting power of 
each of the minerals was determined 1)V Ber.V.. j ':#T ophotometer in green light. 
The textural features exhibited bv tlie mjjierals were all deseril)cd and interpreted 
so that their mode of origin was understjjii)d. To deterinitie (he origin of (lie crvstal- 
lograj)hic intergrowth between magnetite anil ilmenite, the spt'cimens wore 
siibj(‘cted to heat treatment at very high temperatures and (hen they wi're examiiu'd 
under the mieroseo|K?. Such a jiroeeclure eonlirmed tlu' inlermixing of the ilmeniti* 
and the magnetite at high temjierature to one nudastable mineral titanomagnetite. 
which was thus proved to be the parent mineral for those taking ]>art in tlu' crvstah 
lograpliic intergrowths. The miiu'ral paragenesis was drawn u[) on the basis of 
textural interpretation. 

This paper di^als with the results of only mie line of attack to the pn^blcnv— 
the X-ray powder analysis, magnetic studies, etc., are, li(0\(‘\er, no( inchuh'd here. 
Kv(ui th(‘ results of the heating (‘xperirmuits with th(‘ ore iniiunds have not be(‘n 
given in detail, only the ridevant portion with resp(‘ct to the mod(‘ «>r formation of 
the crystallographic intergrowths has b(‘en <*numerate<l. It is t‘xpe<'t(Ml that more 
facts will come to light wluui oth(*r methods of study an^ successfully ap]>lied and 
the various ])r()blems (viz., probhun of ( oulsonitc) w ill thiui be solved. 

AcK now L 10 DO K .M 10 N T 

Th(‘ author aeknowledgi's with lu'arthdt gratitude flu* ht'lp rendt'n'd to him by 
various individuals and institutions in many ways. Tb(‘S(‘ inv(\st igat ions wen* and 
are b(‘ing carried out in eonneetion with a research seliiune kindly s;inet ioned hy the 
Council of S(‘i(‘niifie a,nd Industrial H<‘seareh, (Jovc rnnu nt of India, wbi(‘]i rendered 
all the financial hclj) n'quinal for tlu' work. Prof. N. N. (Tatt('rj(M\ TT'ad of the 
Department (d Ceol(»gy, Calcutta University, guided the work and ofhuxal many 
valual)l(' sugg(‘stions. The autlior is (‘(pially gratcdnl to Dr. S. I)(d> and Prof. Ik C, 
!\lukh(*rj(‘<‘. (V>lleg(' of KnLnnciuing and Tcclinology, Bengal, for th(‘ir ungrudging 
hcl]) in tlu* ore microscoy)ic work and in tlu* det,(*rTuinat ion of rcticcf iviiy of ore 
min(‘rals hy Hcrck’s »SIit Microj)ho(onu‘ter. Thi* authorities of the College of 
EnLdn(*ering and Tc'clinology, Bengal, very kindly allovv(‘d tlu^ author to iisii their 
woll c(|uipp(’d laboratory. The author is also grateful to the Director, (k'litral 
(ilass aiul Ceramic Research Institute, who v(‘iy kindly ]K*rmittcd him to carry 
out cxyKTiinents on heat treatment of the ore minerals in tlui well (‘quipped labo- 
ratory of tlie Institute. In tliis respect tlu^ author also wishes to acknowledge? the 
help rendered by M(?Hsrs. K. D. Sharma, B. M. Bishui and d. C. BaiUirjee. 

Summary 

In this papor tlio oro microscopic characters of tho vana<IiforouH and tiianiferous iron ores 
rolatf'd to tlio ^^ayu^hhanj Gabbro-Anort Vio.sitc siiito have bc(*n fiisciisscd. It is an attornpi 
to put forwaid in ev’^cry detail the characters of the ore minorals, their mode of diHtril)utif)n in 
the polished sections and the textural features exhibited by them, "fhe optical cbaracters, 
etch r( action results, reflectance and spot test <lata, all were taken into account arul tlio minerals 
conclusively idtmtifled wen^ Magnetite, Ilmenite, Hematite, Limonito, Goethiq^Jylartitc\ Depido- 
crosite, Rutile, Pyrite and Ulvnspinel. Among these. Limonite, Pyrite, WiffUte and Ulvdspinel 
were not noted by Dunn and Dey, the previous workers in this area. The Ulvtigpinel is being 
described for the first time from India and this mineral is so intimately mixed up with tho ex- 
.solution lamellae of the ilmenite exhibiting identical nrranpornent that it can easily I)e confusf^d 
with the latter. Coulsonite, the new ‘.species’ described originally by Dunn and Dey (1037), 
could be easily spotted but that it is a distinctly new species different from tho magnetites in 
which it occurs, could not be confirmed beyond <Ioubt. The typical characters of this ‘mineral* 
have, however, been noted together w ifh its relations with the other minerals. Tho impoftant 
portion of this paper has been flevoted to the description and inter^etation of tho textures 
exhibited by the ore minerals. The present author has, in this <jaso, e^nimined in much greater 
detail the textural features and has given a more complete account than recorded by Dunn 
and Dey (1937), w^ho only touched tho crystallographic and graphic intergrowth textures cC the 
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and ilmonitas. Tha iiij)de of roplaoement of the different minerals has not been 
doiKTibed by Dunn and Doy. In Ihis paper the author has attempted to describe all v»uch 
textures fully an<l hfis also t/iven a^^ell ^knit interpretation based on evidences, which again 
funned the hasiH of the mineral paragonel^if. The crystallographic and graphic intergrowths 
were all invcrttigattul in much greater detail thi<s' what has be€3n reported by Dunn and Dey and 
all f>nHsibl»3 evidrajces w<*re furnished regarding tie possible mode of origin of these textures. 
In this conras’tion the auth(>r subjected the specirnOi. s with such intergrowths to heat treatment 
at high temperature and confirmed that the intergrowths of these two minerals wore derived 
from original titanoinagnetit(3. 
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Tntrouttotion 

Recent studit's on the cytology of PeritriclioiiM ciliates (Colwin. 1044; DaBs, 
1053, 1054: Finley, 1043, 1052; iSeshacliar, 1047, 1950; ScHbachar and 7)aHH, 1051, 
1053^/ and 1953i^>; Seshachar and Srinath, 1047; and Willis, 1048) have revealed a 
niimlier of interesting features in regard to the structure anil behaviour of the 
nuclear apparatus in vegetative life anti during conjugation. The present account 
is an extension of these studies and relates to an undeseribed Epixtylis, 

The cytological differences between this and Kpistylia artienhtia describofl earlier 
(Dass, 1053) are so many and so significant that it was felt a complete account of 
them would not be without interest. 

Matertal and Methods 

Tlie colonies of Epistylis sp. were collected in the first and S^jond aeration tanks 
in the activate^d sludge plant in Madura Mills, Ambasamiidrara, »!?k)uth India. • The 
colonies of this species are 3~4 mm. high. They are fixed to the substratum by a 
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(liscjike holdfast. The main stalk is short and slumpv ^^dule the braiu'hes are 
slender. The branching is dichotomous, but the :/)oids Occur at all levels in the 
colony. Usually 150-200 individuals are found in colony. Individuals in a 
colony show variation in dimensions; tluy^ are 85*0 -i:t0-0 jit in length and ~8(»*0 ft 
in breadth. In most cases binary li^:^)n is normal and the daught<*r i»idivi(hials 
are similar. Quite frequently, howe\’Pr, the div ision is nnequ;d and the n\siilt is a 
micTozooid which is about a quarter the size of normal individual. 

The Table on page 704 gives the major differences between th<^ species of 
found in India. 

Decaying leaves and other debris bearing the colonies were fixed in bulk in hot 
Carnoy’s fluid (II parts absolute alcohol and I part glacial ac(‘ti(^ a(‘id). ("olonies 
were later carefully separatexl from the leaves and staiiUHl in KiMilgen and counti‘r> 
staine<l in light-green. Some were also stained in haematoxylin. methyl gr<H>n- 
pyronin and toluidine blue. 

Observations 
The V*'(jdatirv Individual 

The vegetative individual ))ossesses a large cylindrical macronucleus and a small 
spherical mieronueleus. The raacronuc leus show's a gn^at d(^gre(‘ of variation in 
voluim;, ranging from 29().‘] to 8820 The volume was calcailated by employing 
the formula On the other hand the mieronueleus shows hanlly any variation 

in size, the diameter varying from 2-5-3-0 fi. Of flu* tw'o nuclei, th<* maeronucleus 
is intens(‘jy stained wutli IVailgen, the mieronueleus less so. 

Tlu're seems to be a tendeiu'y for variation in the nurnlau’ of micronuel<‘i in tlu^ 
sjKu ies. W'hile generally a single^ ini(rronucl<‘Us is pr(‘.s(‘nt, animals w'ith two, threat 
and four micronuclei were common in many cedonies (IM. XXXI, iigs. 5 and 4). 
Often a whole colony exhibited individuals with multiple inicTonuclei. Instances 
where the mieronueleus was (uitirely w^anting, were also abundant. 

Bitainj Ji.ssion 

Two ty[)es of binary lission arc met with. In the first (PI. XXXI, fig. 5) the 
macronucleus remains unchanged till the completion of mi(;ronuclear division. When 
the two daughter raicTonm^lei move apart and reach the far sides of tluj body, the 
maeronucleus orientates aero.s8 the division plane w'hich starts at the oral end and 
moves towards the ba.se. The division furrow cuts it into two almost ecjual halves. 

In the second typo of binary fission (PI. XXXI, fig. 6) the maeronucleus loses its 
characteristic form and becomes a dense polymorphic body and by the time the 
mieronuclear division is comi)lete, the maeronucleus, caught in the deepening cleavage 
furrow, becomes cut into two smaller polymorphic bodies. Later, e^ich is drawn 
out into the cylindrical maeronucleus characteristic of the vegetative animal. 

The division of the mieronueleus is by mitosis. The different stages are clearly 
marked out, but as the number of chromosomes is high, a count of them could not 
be made. The nuclear membrane remains intact throughout division arul an 
intranuclear spindle is formed. 

In some instances during binary fission, the division of the cytosome is unequal 
producing tw'o unequal daughters, — one very large and the other very small 
(PI. XXXI, fig. 2). The small one is the microzooid. 

Conjugation 

(a) Formation and fusion of conjuganis. 

As in all Peritricha, the conjugating animals are of two types-^the large attacRed 
macroconjugant and the small free-swimming microconjugant. MorphologicSilly, . 
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the^macroconjugant resembles the vegetative indivyiual ofYhe colony, and c'Rn hb 
distinguished from it only when the raicroeonjugantf hecom^atta('hed to it. 

The microconjugant, however, is strikingh^ diflV'?TflflL It is much srnalItT in 
size and is a product of three quick successive divisions of a veget^itive animal. 
Eight such individuals are producetl ^lext-fig. 1). Each is a fuicroconjugant ; it 
soon acquires a ciliary girdle and mo\4\s away in searc’li of a miicroconjugaui. 

The microconjugant, on contact with a macnx'onjugant, spins on its surlaci> for 
a while and becomes attached to it. The point of attachment ot^ the inacToc'onjugant 
is not fixed. In most cases, however, it is at the base of the macroconjugant ncwir 
the stalk (Text-fig. 2). But there are instances where tlie microconjugant is found 
attached near the peristome. 

The mode of attachment of the microconjugant to the inacroconjug/int aud the 
manner in which it obtains its relationship with the latter an' of the greatest interest 
in this species and perhaps unique in the Peritricha. Soon afU'T tlie micToconjugant 
fixes on to the surface of the macroconjugant, a shallow depo'ssion is formed on tlu^ 
latter into wliich the microconjugant is receivt^d (Text-fig. 4). (Gradually the deprt'S- 
sion deepens and the microconjugant is drawn into tlu' body of th(> macroconjugant. 
Text-fig. 3 and PI. XXXI, fig. 7, show this interesting ]>h(*nomenon clearly. 
As the microconjugant continues to pc'iietrato deept'r. it })ecorucs drawn out into a 
flask-shaped structure retaining its connexion with the ('xterior hy a long iK'ck ami 
terminating, outside at the point of porudration, in a hiitton-likc ]>rotuberanc(‘. For 
a considerabk^ time, the identity of the two (‘onjugants is cl(‘ar and one can s(a' the 
limiting membranes separating the two, l)ut soon, with completion of fhe micro- 
unclear divisions in the two conjugants, the houndarv Ix'iwcHm tlu'm breaks down 
and all that marks the microconjugant is the hutton-iiki* protuh(>ran<*e still evijhuit 
at the point of its entry (Text-fig. 11). Long after the conjugants have fused 
together to form a synconjugant (PI. XXXI, fig. 0), the protu)>erance is visible hut in 
later stages it shrinks in size and drops off. 

( 6 ) Microiuidcar divisions. 

The mieronuclei of the two conjugants, at tho time tliey meet, arc in the resting 
condition (Text-fig. 3). They start division only after the microconjugant has 
entered the macroconjugant. In a single instance, it was noticed, the first progamic 
division of the micronucleus of microconjugant had Htarkxi and proccHnled up to 
anaphase, oven before the depression on tho maeroeonjugant surface was formcfl 
(Text-fig. 4). The first division of the mieronuelous in both conjugants starts 
simnltaneouslv and proceeds up to inetaphase (Text-fig. 5). At this stage, mi<;ro- 
nuclear division in the macroconjugant stops, while in the microconjugant it continues, 
to produce two daughter nuclei (Text-fig. 6). They immediately embark on a 
second division and when this reaches inetaphase, the division pro(‘esH is resumed 
in tho macroconjugant (Text-fig. 7). Thus the second progamic division of tho micro- 
nucleus in the microconjugant and the first progamic division of tlie micronucleus 
of macroconjugant are completed simultaneously (Text-fig. 8). There are now four 
microniiclear products in the microconjugant and two in the macroconjugant. 
Another division is completed in both conjugants (Text-fig. ^ j**'**fesulting in tho 
production of eight progamic nuclei in the microconjugant and four in the macro 
conjugant (Text-fig. 10). Of the progamic nuclei only one in each conjugant difToren- 
tiates into the pronucleus. At this stage the boundary between the two conjugants 
is lost and the protoplasms of tho two conjugants merge into each other (Text-fig. 1 1 ). 

fc) MacronudeuA. 

As in other Peritricha, tho macronucleus of both conjugant\ breaks up dur^g 
conjugation. The relatively smaller macronucleus of the microconjugant fragments 
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oarliev to give rise to a number of spherical bodies, ^hat of Ihe macroconjugant is 
thrown into a long and complicate skein (Text-fig. 8^ Iv^re it breaks up into 
fragments. 

(fl) Formation of nuHear anlagen. 

With dis.solution of the membranes separating tho conjugants, the cytoplasm 
as well as the nuclear components merge. Tho fused body is nd'errcMi to as 8>m- 
conjiigant. The pronuclei of tlie two conjugants now fuse and form the synkaryon. 
The residual progamic nuclei of both conjugants are absorbed in the cytophis?n. 

The synkaryon migrates towanla the centre of the synconjugant and imuKHliately 
starts dividing (Toxt-fig. 12). It divider thrice successively to give rise to eight 
rnetagamic nuclei. One of these remains small; this is tho future micnmucleus. 
The other seven rnetagamic nuclei gradually increase in size ; those an^ tho macro- 
nuclear anlagen. At first the macronuclear anlagen are faintly stained (Text-fig, 
13). Soon they acquire basophilia and stain deeply in all nuclear stains. Meanwhile 
a number of Feulgen negative areas appetxr in each anlage (Text- fig. 14). These later 
coalesce to form a central faintly stained zrme and a periplieral de(q)ly stained region 
(Text-fig. 15). Tho macronuclear anlagen progressively incn^a-se in size and bea^orno 
uniformly deeply stained (Text-figs. 16 and 17). 

(c ) Ueorga nization fissi om. 

At the first reorganization fission of the synconjugant tho macronuclear anlagen 
are intensely stained bodies (Text-fig. 17). The first fission soparaUxs the seven 
anlagen into two groups of four and thrC/O (PI. XXXI, fig. 1 1 ; Text-lig. IS). Thus the 
two Fl individuals have four ami throe anlagen respectively. Kach pas.sos through 
two more fissions ; thus at tho end of three divisions all daughters possess the normal 
comy)lemcnt of the nuclear apparatus, a macronucleus and a micronucleus. At the 
end of reorganization fissions, tho macronucleus becomes rlrawn out into th(^ charac- 
teristic cylindrical form. 
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(/) Macronuclear fragf*ents. 

With fusion of the t,. ^ conjugants, the cytosome of the synconjugant is filled 
with fragments of the old macronucleus of both conjugants (PI. XXXI, fig. 8; 
Toxt-fjg. 13). They vary from 2 /x to 5 fi diameter. 

As the macronuelear anlagon become diKerentiated, a gradual diminution in the 
number of macronucloiir fragments is noticed (PI. XXXI, figs. 9 and 10; Text-figs. 10 
and 17). At fir.st the smaller fragments are absorbed in the cytoplasm. Graclually 
lujwever, as nucleination of the anlagen progresses, absorption of the fragments also 
becomes more rapid, liy the first reorganization fission, the cytosome is practically 
free from macronuelear fragments (Text-fig. 18). During reorganization fissions, 
no macronuelear fragments occur in the cytosome. 


Discussion 
Nuclear apparatus 

The nuclear apparatus of Kpistylis sp. generally resembles that of other Peritriclia 
in the possession of a macronucleus which is cylindrical and bent, and a raicronucleus 
which is spherical. The macronucleus in this species is uniformly stained at all 
stages unlike other forms, viz. Zoothamnium alteruans (Faur6-Fremiet, 1930), Vorti- 
cella microstoma (Finley, 1943), Epistylis articulata (Dass, 1953) and Carchesiurn 
spfctabile (Dass, 1954), where during certain phases of life-history a number of 
Feulgen negative spa(H\s, considerecl equivalent to metazoan nucleoli, are seen. 
Another striking feature of the macronucleus in vegetative state is the great variation 
ill its volume. In many species of Peritriclia, a certain amount of variation has 
been noticed but it is in Epistylis sp. that I have found this variation highest. .\s 
observed earlier, in some instances the macronucleus is so small that its volume 
is about 2903 while in others it is nearly thrice as much, i.e., 8820 /x^. It has also 
been noticed that the macronucleus has a minimum volume immediately after 
binary fission and continues to grow during vegetative life. Apart from the actual 
mode of increase in size, which is itself a phenomenon of great interest, the origin 
of the most important constituent of the mac^ronucleiis, i.e., desoxyribose nucleic 
acid (DNA), requires an explanation. It is not clear what this origin is. It must 
come from two sources: (a) from the cytoplasm by a conversion of its ribose nucleo- 
tides into those of the desoxyribose typo, (6) a de uovo synthesis of DNA in the 
nucleus. Only future work on the biosynthesis of the nucleic acids would help 
determine this origin. 

Multimicronucleate individuals occur so frequently in tliis species that a possible 
explanation of their origin would not be out of place. Whole colonies of bi-. tri- 
and tetra-microuucloate animals would probably result from the initial swarmer 
(wliich originates the new colony) being also in this condition. But the origin of 
such a swarmer would itself be interesting. My observations of large numbers of 
colonies indicate that an upset of binary fission during swarmer formation is res- 
ponsible for-.4ie multiraicronucleate condition, though it may also happen during 
reorgauizatioiiuS^jns. It was noticed in E, articulata that sometimes, instead of 
one out of eight metagamic nuclei, two become the micronuclei, so that the race of 
animals produced from such stocks displays a bimicronucleate condition. However, 
this occurs so rarely in E. articulata that it is not considered as the possible cause of 
bimicronucleate condition. On the other hand, in Epistylis sp. it seems more likely 
thaf. an upset of binary fission is the cause. I have noticed a number of instances 
where the two divisi n products of the micronucleus are included, during binary 
tvsion, in one daug'^ ./Cr coll so that it becomes bimicronucleate, while its sister lacks 
tlv micronucleus altogether. Curiously, in my material, amicronucleate animals 
also are quite plentiful and it seems this explanation would fit the observed facts. 
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Amioronucleate animals do not seem to show any atmormtUilies and obviously are^ 
none the worse for their deficiency; they appear to carry Air vegetative activities 
normally, an observation which is in consonance with tfiat of Sonnerborn (1&47) in 
Paramecium, 


Binnry fissiou 

The two typos of binary fission observed in this form have also been recorded 
in two other pcritrichous ciliates, viz., E, articulatn (l)ass, 11)53) and Carthesium 
spectnbile (I)ass, 1954). In E. articulata the macronuclous becomes condensed into 
a deeply staining pol^nmorjjhic mass which })iits out a number of filamentar processes 
into the c^oplasm. Su(‘h an observation has not been made in any other peri- 
trichous ciliate. The filamentar processes given off from tlie macronuclear mass 
seem to indicate an intimate relationship between the macromieleus and the cyto- 
plasm, especially during binary fission. 


ConjHijatum 

An analysis of the methods of jiroduction of conjiigants in the order Peritrieha 
is interesting. It is seen that in all solitary forms like Vorticdla, LiKjvnnpht/rs, 
Trichodin/t and rrcfolaria, etc., the conjugants are prodmvd by umujiial lission of a 
vegetative individual, resulting in two dissimilar cells; the smaller is the miero- 
conjugant. the larger is the maeroconjugant. On the other hand, in colonial forms 
like EpiMylis, Carchesium and Zootharnuinm , the microconjugants an^ produced by 
three rapid successive divisions of a vegetative individual, while the maia'oconjugant 
is a vegetative^ individual wliich has perhaps undergone a jihysiological trans- 
formation. The significance of this difference in microconjugant formation scorns 
difficult to determine at present, but that it is in some mann(‘r n^lated to colonial 
organization in the group, seems possible. 

IVrhaps the most interesting feature of conjugation in EpisiyliH sp. a feature 
in which it differs from other Peritrieha refers to the behaviour of the micro- 
conjugant during the process. In most Peritrieha, the microconjugant, which is 
always small and free-swimming, fixes itself to the body of the maeroconjugant. At 
first the bfiundary line between the two conjugants is clear but with the progress 
of conjugation, this boundary is lost and the two conjugants merge into each other 
as a synconjugant. In Epidylis sp., however, the microconjugant, soon after its 
attachment to the maeroconjugant, sends into the latter a tubular prolongation 
carrying the nuclear elements. This projection is often fpiito deep and penetrates 
into the cytoplasm of the maeroconjugant to a considerable extent. All the while 
it retains its individuality and its connection with the exterior by a small button- 
like plug, which marks the point of entry of the microconjugant. It is only much 
later that the boundary line between the two conjugants breaks down and the two 
merge into each other. Such a behaviour of the microconjugant is unknown in any 
pcritrichous ciliate and perhaps marks a highly specialized condition. 

The behaviour of the two parts of the nuclear apparatus during conjugation is 
full of interest. It is profitable to discuss the entities, — the m’'^pefiucleus and 
macronucleus-^separately. 

(a) Micronucleus, 

With the first descriptions of micronuclear divisions in the two conjugants by 
Maupas (1888) and Popoff* (1908) the interest in these divisions has accumulated 
and now it has been established that in all the Peritrieha, so faXexamined, the numb^ 
of micronuclear divisions differs between the two conjugani^^ing three in me 
micro-conjugant and two in the macro-conjugant (Finley, 1943;feas8, 1953,*lgiA). 
The homology between these divisions in the two conjugants on the one hand, and. 
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between them and tl > rneiotlc divisions in the higher animals on the other, is ^ 
subjet^t of groat inter*./ and efforts have been directed towards determining it. 
1 have discussed this subject at some length in an earlier paper (Dass, 1953) but it 
might not bo out of place to mention liere that the disparity in the number of 
divisions of the two conjugants is due essentially to their duration. The first division 
in the rnacroconjugant is {particularly long drawn out and takes nearly as much time 
as is rc<piin‘d for first two divisions in the micro-conjugant. Why it should be so, 1 am 
unable to explain at present. 

(1)) Macronnch m. 

'I'ill recently, the macroniu'leiis was regarded as a body with no special role to 
play during conjugation and destined to degenerate during the process. With 
n^(M)gnition of the fac-t that it <M)ntains large amounts of DNA, it became necessary 
to account for the absorption of this material and also assess the significance of such 
absorption. It did not a{)pear that the older views, which regarded the phenomenon 
as e<(uivalent to thnnving off into the cytoplasm of waste products which had 
accumulated in the nucleus during vegetative life, explained the significance of the 
process adeijuately. Instances of the nucleus accumulating waste and effete 
substances havt^ luwer l)e(U) reportol in any animal. Content with the observation 
that the rnacroniicleus ‘degenerated’ and its products were ‘absorbed’ in the cyto- 
plasm. no further attention was {)aid to it. Turner (1941) says, ‘ Until recently the 
l)ehaviour of th«‘ macronucleus in conjugation has been given scant attention. The 
disintegration of the old macronucleus and the differentiation, number and distri- 
bution of a new macronuclear anlagen have been noted, but no great significance 
has been attaclunl to thes(^ [)rocesses. It seems probable that more intensive 
investigation of the role of inacronucleus in conjugation will be extremely profitable.’ 
It seems {)ossibh» to examine, in the light of more recent advances in our knowledge 
of cell structure, the significance of this breaking up of the macronucleus and its 
absorption. It is wi^ll known tiiat the macronucleus of all ciliates contains large 
amounts of DNA. The work of Roskin and Ginsberg (1944a and />), Mos(\s (1950) 
and more recently of Seshachar (1953) has shown that there is probably some UNA 
also in it. The (lissolution of tins body in the cyto{)lasm at every conjugation must 
involvt^ far-reaching (‘hanges in cytoplasmic nucleotides. It has been noticed that 
the method of this dissolut iem offers a clue to the {)rocess. In E. articulaki Seshachar 
and Dass (1953) have notii'cd that the macronucleus breaks up into a numl)er of 
8[)herieal fragnuuits in cvxch of which, later, a conversion of DNA into RN.\ a{)pcar8 
to take {dace. The vi(*w was therefore develo})ed that in this ciliato the dis.solution 
of macronucleus was a {process by which its DNA was converted first into RNA and 
was later distributed in the cytoplasTii. More recently additional evidence for the 
vsarne {)henomenon has been provi<led in another ciliate, Ckihdonelkiy by 8eshachar 
(1953) who, examining the macronucleus in diflerent stages of the life-history, by the 
a{>{)lication of metachromatie dyes, has found a gradual accumulation, in the 
degenerating macronucleus, of metachromatie material, which has been identified as 
RNA, and a * release of this RNA into the cyto|)lasm. While it is not claimed 
that the last wont on this subject has been said, it seems highly possible that the 
degeneration of the macronucleus during conjugation involves essentially a con- 
version of DNA into RNA in it, and its breaking up, a distribution of the accumulated 
RNA in the cytoplasm. In Epi^tylis sp. evidence of such a conversion of DNA to 
RNA in the macronuclear fragments are not as striking as in E. articulata or in the 
degenerating macronucleus of Chilodonella nncinahis, but the gnrdual reduction in 
aumlpers of the macro* .uelear fragments would lead me to believe that an essentially 
si.nilar change is tajk^mg place here also. 

There is an in^resting relationship, too, between the dissolution of fragments 
of the old marronucleus and the development of new macronuclear anlagen after 
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obnj ligation. It is well known that both the microftuclous and the maonmucleus 
are developed in the exconjugant from the synkaryon and Ms products and while 
the micronuclear anlage remains as a small body, the macronuelcar rudiment enlarges 
in size and synthesizes the DNA so characteristic of it. The origin of this large 
amount of DNA, especially in Ej^istylis jp. where tlie macromiclinis is larger and subject 
to considerable variation, remains to be deti'rmincd. In this connection tluTc is an 
interesting and undeniable correlation between the development and uucleination 
of raacronuclear anlagen and the absorption of fragments of tlie old macronucleus. 
Previous work by Se^^hachar and Diiss (IDol) in Vortlcrlhi convanarla, by Dass (1053, 
1954) in E. articiilata and (7. spedahile and Sesluu har (1950, 1953) in Chilohmdla 
uncinatus has shown indications of an association bctwinm tli(‘ two phenomena. As 
the old macronucleus and its fragments are absorbed, tlu' tiew macronuelcar anhigen 
appear to acquire DNA. This was espiunally striking in (\ spvrUibile where a very 
close and unmistakable co-ordination exist(‘d between the two phenomena. When? 
the rate of nucleination of the anlagen was rapid, the dissolution and ai)sorption of 
the fragments were also rapid; where it was slow or delayed, the absorption of the 
fragments was also delayed. Clearly there schemed su])}>()rt for tlie idcNi dc^veloped 
by Seshachar (1947) that tlie DNA of the old maeronueleus was reinstated and 
restored on a new frame-work {see (jlass, 1949). 
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Summary 

The nueloar apparatus of Epistylis sp. eon.si.st.s of a cyliiidrioal inarromicleuH and a sphorical 
inicronucleus. 

The maeronueleus exhibits a considerable v/iriation in volume during? vegetative life. 

During binary fission generally, the macronueltnis doe.s not lose its form. It jusl st retches 
across the division plane and bt^cornes cut info two. Hut in sojne instances the macaoriiK'Nnis 
becomes consolidated into a polymorphic ina.ss often sofiding out into Mie cytojdasrn tihirnentar 
proco.ssos. In either case the micronuclear divi.sion is by rnito.sjM. 

Normally a single inicronucleus is found in each individual. Hut iii some intlividuals in a 
colony or in whole colonies, two, three and four inieronueloi are found. 

Conjugation is Vjetween dissimilar organisms, — a small mieroeonjugant which is free- 
swimming, and a large fixed macroconjugant. 

The mieroeonjugant becomes attached to the macroconjugant and makes its way into the 
macroconjugant, the point of entry being marked by a small plug, whicdi however, drops off later. 

For a considerable time after its entry into the macroconjugant, tlio mieroeonjugant apf)eHr8 
discrete but soon after the formation of pronucloi the boundary Ixjtwecn the two conjugants 
is lost and the two merge to produce a synconjugant. 

The micronucleus of mieroeonjugant undergoe.s three divisions while that of r^^l^^roconjugant 
passes through only two divisions. A single progamic nucleus in each c^njugant bo<?omes the 
pronucleus and the two fuse to form synkaryon. 

The synkaryon divides thrice to form eight metagamic nuclei. Of these, seven differentiate 
as macronuclear anlagen and the eighth i.s the micronuclear anlage. 

The macronucleus of both conjugants fragments during conjugation. The cytosomo of 
synconjugant becomes filled with these fragments. 

The macronuclear fragments are absorbed slowly at first and more rapidly later. There 
seems to be a distinct correlation between the nucleination of the macronuclear anlagen and the 
absorption of macronuclear fragments. By the first reorganization^^flssion the cytoaome of 
synconjugant is free from m£u:ronuc)ear fragments. The nucleination of fhe anlagen also appeals 
complete. 

After three reorganization fissions each daughter individual possesses 'the normal comf)lo- 
ment of nuclear apparatus — a mckcronuoleus and a micronuoleus. 
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Plate XXXI 

Oonornl picture of the colony. 48. Feulgcn-light groon. 

Indivuiluals of the colony enlarged, showing a largo individual and its small 8i.ster 
produced as a msult of unotpial division of cytosomo. X 560. Foulgon-light green. 
Individual with two mi<*ronucloi. > 625. Feulgen-light green. 

Individual with four micronuclei, x 625. Foulgen-light green. 

fission Typo I. x 560. Feulgen-light green. 

Binary fissiq^ Type II. x 560. Foulgen-light green. 

Conjugation. The microconjugant is lodged in the macroconjugant. The micro- 
conjugant plug is clearly soon. The macronucleus of macroconjugant fragmenting. 
X560. Feulgen-light green. 

Early synconjvigant. The macromiclear anlagen not yet differentiated. x560. 
Foulgen-light grtx)n. 

Late synconjugant. Persistent microconjugant plug is seen, x 660. Feulgen-light 
green. 

I.*ate synconjugant. The macronuclear anlagen have reached maximum size and 
nucleinati^^is in progress. Note the smaller number of macronuclear fragments. 
X 560, ^f^ilgon-light green. 

Individual* of generation showing three macronuclear anlagen. Note the complete 
absence of macronuclear fragments, x 660, Feulgen-light green. 
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Explanation of Text-fioures 

1. Bunch of inicrooonjugante. xl760. Feulgen-light green. 

2. Conjugation. The microconjugant hae just come in contai't with the mac-rooonjugant. 

X 1750. Feulgen-light green. 

3. Conjugation. 'Dio microconjugant hiw ptmotrated (kH>pIy into (ho body of the macro- 

conjugant. The microconjugant plug is seen near the stalk. Tho nhcroiiu<»!ouH in both 
conjugants is in resting stage, x 1750. Feulgon-Iiglit grecMi. 

4. Conjugation. The microconjugant lodged in depression on tho miicrocjonjugant. Tho 

micronucleus of microconjugtvnt in late anaphase of Hrst progamic division. xl750, 
Feulgen-light green. 

5. Conjugation. The micronucleufl of both conjugants in first prtigamic inetaphase. The 

macronucleus in both conjuganta is fragmenting, x 1750. Feulgon light gre<>n. 

6. Conjugation. The micronucleus of inicro<?onjugant has coinpletixl the 01*81 progamic 

division, while that in macroconjugant is still in nn?taphasn. x 1750. Feulgen-light 
green. 

7. Conjugation. The micronucleus of microconjugant is in second progamic tlivision meta- 

phase, while the micronucleus of microconjugant is si ill in first progamic division 
metaphase. xl750. Feulgen-light green. 

8. Conjugation. Tho inicronucleus of microconjugant has completed second progamic 

division, while that in macroconjugant has coinplotod first progamic division, x 1750. 
Feulgen-light green. 

9. Conjugation. Tho third progamic tli vision is in progress in microconjugant. while the 

second progamic division is in progress in macroconjugant. x 1750. Feulgon-light 
green. 

10. Conjugation. Progamic divisions aro complete in both (umjugants. Four progainio nuclei 

are seen in macroconjugant and eight progamic nuclei in microconjugant. / 1750. 
Feulgen-light green. 

11. Syneonjugant. Tho two conjugants have completely merged with each oilier. 'J'he two 

pronucloi arc about to fuse. The residual progamic nuclei of nij(Tor*onjnganf aro all in one 
group. The microconjugant plug is still seen on (he surface. > 1750. Feulgon-light 
green . 

12. Synconjugant. First metagaraic division of synkaryon in progress. The residual progamic 

nuclei are already absorbed in cytoplasm, x 1750. Feulgen-light green. 

13. Synconjugant. The mot agamic divisions are complete. The seven inaftrormelear anlagen 

are differentiated and are faintly stained. Tho mieronuclous stippled. Tho oytosorno 
is filled with macronucloar fragments. Microconjugant plug has dropped out. 
X 17.50. Feulgen-light green. 

14. Synconjugant. The macronuclear anlagen increasing in size. Nucloination of anlagen 

has started. Note tho Feulgen negative spaces in tho anlagen. x 1750. Feulgon- 
light green. 

15. Synconjugant. The Feulgen negative spaces in each macronucloar anlago havo merged to 

form a single central area with a Feulgon positive rim. Microconjugant plug persistent. 
X 1750. Feulgen-light green, 

16. Synconjugant. The macronuclear anlagen havo increased in size. With the centripetal 

nucloination of each anlago, the central Feulgen negative zone has becofno smaller. The 
number of macronuclear fragments is greatly reduced, x 1750. Feulgon-light green. 

17. S 3 mconjugant. The macronuclear anlagen have reached maximum size. The nucleination 

is almost complete. Feulgen negative spaces are no longer seen. A few macronucloar 
fragments present in cytosome. Microconjugant plug persistent, x 1750. Feulgen-light 
green. 

18. First reorganization fission in progress. Four macronuclear atdagen in one daughter and 

the other three in the other daughter. No macronuclear fragments in the cytosorno. 
X 1760, Feulgen-light green. 

19. Second reorganization fission complete in one cell while the other is still in Fj condition. 

X 1750. Feulgen-light green. 
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